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The present report, number ISR-3, contains a record of the
contiming investigation of various technigues for automatic content
analysis, and for the storage and search of structured information.,

In particular, some storage allocation techniques are examined which
are useful in the menipulation of natursl language data; a variety

of machine programs and experiments are then described for the
processing of bibliographic citations; and two models for a ocompletely
automatic document retriewval system are outlined.

Section I by G. Salton cutlines two automatic document retrieval
systems based on the usual word frequency counting procedures, supple-
mented by a mumber of suxiliary aids which replace a complete semantic
analysis of the language. The principal aids consist of a hierarchical
storage arrangement between certain subject categories, a set of cross
references between related subjects, and sets of related or synonymous
words attached to certain subject categories. Some basic retriewval
procedures which make use of these structures are outlined.

Section II by M. Thompson includes a detailed description of
a program designed to match bibliographic citations. The program is
divided into two parts: the first pert normalizes the format of each
citation, and the second part performs the actusal comparison between
ocitations. This progrem, wvhen completed, should be useful for the

xiii
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automatic construction of citation iundexes, and for the manipulation
of bibliographic data in general.

. Section III by E, H. Sussenguth, Jr., contains a description
and evaluation of a chaﬁ.md tree structure useful for the storage of
natural language data. The proposed storage organization permits a
search procedure which is almost as efficient as that provided by a
bimry "f?fﬁcih"_ _ap«! _yg?is easily adapted to file changes, such as
additions and deletions. S -

Sections IV, V, and VI by M, Lesk cover experiments performed
with bibliographic citations for purposes of content analysis, as
originally described in Section IIT of report ISR-2. Section IV is
a description of the basic interpretive program used to perform the
required matrix manipulations; the program accommodates matrices of
variable size up to the capacity of the awvailable core storage, and
the symbolic operation codes reduce the program specification to an
almost trivial operation.

Section V contains an analysis of citations and index tem
similarities obtained for a closed document collection for which
citations from documents outside the collection are eliminated; the
data are then compared with the citation similarities obtained for the
corresponding open document collection. The similarity coefficients
are found to be smaller for the open document collection, but the basic
results are in gensral comperable for both collections.

xiv



Section VI describes a clustering experiment in which doouments
were grouped in accordance with similarities in the index temms

attached to the documents, and in the corresponding citation sets.

The two types of groupings are compared and are found to give dissimilar
clusters for the document collection under investigation.
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ISR-3 I-1l
April 1963

I. SOME HIERARCHICAL MODELS FOR AUTOMATIC DOCUMENT RETRIEVAL

Gerard Salton

1. Introduction

Automatic systems designed to furnish references or specific data
in answer to search requests are known as information retrieval systems.
If such systems are to perform effectively, provision must be made for
the execution of the following types of operation:

{a) the analysis of information items and of search
requests;

(b) the generation of identifiers used to represent
information content;

(¢) the normalization of information identifications to
conform with some classification system;

(d) the storage of information items and identifications
s0 as to simplify access to related items;

(e) the matching of information requests with information
identifications, and the search for relevant items.

In order to perform a satisfactory analysis of the infofmation,
it is generally necessary to identify the basic elements which are used
to represent the information and to recognize the rules by which the
basic elements can be combined into larger units. For example, if the
items of information to be stored consist of chemical compounds, the
basic elements are atoms and bonds, and these can in turn be combined

into larger molecules in accordance with certain structural rules.



If the items of information to be dealt with are documents or
books, the basic elements are words in the natural language, and the
larger units are sentences, paragraphs or chapters. The analysis of in-
formation consists in this case of the identification of document content.
Unhappily, though it is somewhat easy to isolate the individual words in
a text, the interpretation of the meaning of the words is much more diffi-
cult. Furthermore, no well-defined set of rules is known by which the
individual words in the language are combined into meaningful word groups
or sentences. Specifically, the correct identification of the meaning of
word groups depends at least in part on the proper recognition of syntactic
and semantic ambiguities, on the correct interpretation of homographs, on
the recognition of semantic equivalences, on the detection of word rela-
tions, and on a general awareness of the background and environment of a
given utterance.

Because of the many difficulties which arise in the semantic
analysis of the natural language, certain simplifications are normally
introduced before automatic analyses are attempted. These simplifications
take the form of restricting the permitted area of discourse, or, alter-
natively, of limiting the types of linguistic structures permitted in the
texts to be analyzed. Occasionally it is suggested that a special unam-
biguous languagze be used in preference to the natural language.

In many cases these restrictions may not be realistic, since it
may be difficult effectively to control the area of discourse, or the
types of structures being used. Moreover, no simplified or artificial

language is likely to prove generally acceptable. The present report is
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therefore principally concerned with document retrieval methods using the
unrestricted natural language for the representation of information. All
processes are based on methods which can be carried out automatically
including, in particular, those dealing with the identification of docu-
ment content. A complete semantic dictionary giving all contexts for
each word in the language is not constructed in view of the many diffi-
culties inherent in the required linguistic analysis. For similar reasons
most of the rehtions between words and sentenées in a text are ﬁ&t
explicitly identified. Instead, standard word counting and syntactic
analysis techniques are used in conjunction with a small number of table
look-up operations. The construction of the required tables is further
described in the following sections.,

2. Retrieval Structures

Since the principal input to the retrieval system consists of
texts in the natural language, the words used in a given document must
of necessity constitute the basic units to be dealt with. It is also
useful to identify the principal classes of relations between words;
specifically two main relational classes are normally distinguished: the
generic or inclusion relations, sometimes known as analytic relations,
and the nongeneric or synthetic relations. The first class of relations
is exemplified by the hierarchical subject arrangements provided in most
library classification schedules. For example, the term "artery" may be
included under "heart system," which may be included under "organs of the

body," which may in turn be included under "physiology," and so on, The
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second class of relations may consist of real dependence relation between
two terms, such as the cause-efféct relation between "poison" and "death,"
or it may be a formal relation, such as when two normally unrelated words
are identified as equivalent in a given context, or are joined by a coor-
dinating conjunction.

In order to perform a reasonably effective content analysis, it is
thus useful to take into account not only the presence of certain words in
a text, but also the principal analytic and synthetic word relations. If
this is to be accomplished without exhaustive semantic analysis of each
word, it is necessary to avail oneself of a number of auxiliary aids. The
following structures are useful:

(2) a hierarchical arrangement between certain sub Ject
categories as provided by mary library classification
systems;

(b) a set of cross references between related sub jects such
as those specified by many classiffied or alphabetized
word indexes;

(¢) a set of related or synonymous words attached to each
subject category to identify terms which may be used
in similar contexts.

The hierarchical subject arrangement identifies some of the
generic relations, and the cross references and lists of related words
specify the dependence and equivalence relations between terms. The cross
references are analogous to the "see also" references available in many
library classification systems, and the related word lists are similar to

the 'see" references.
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(a) Abstract Hierarchical Structure with
Cross References and Synonym Lists

(b) Abstract Hierarchical Structure with
Cross References and Criterion Trees

Rey

— cross reference 0 keyword or phrase with

category indicator
——o generic (inclusion)

relation = synonym list

qéa\bcriterion trees

Hierarchical Structures

Figure 1

The complete arrangement is represented abstractly by the struc-
ture of Fig. 1(a). Each subject category is denoted by one or more nodes
in the structure. Inclusion relations defined for certain subjects are
represented by nonhorizontal branches between the corresponding nodes, the

*included" subject appearing on a physically lower level on the page than
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the "including" subject. Cross refaerences are represented by directed lines
between specified nodes, and the related word lists by sets of short paral-
lel line segments.

Consider as an example the hierarchical structure shown in Fig. 2
which includes certain terms from the field of physiology. One of the
cross references connects the term "heart" considered as an organ to the
term "cardiac illness" classified under pathology. It is clear from Fig. 2
that a given term may appeai in various places within the hierarchicai 7
arrangement. This is true in particular when a subject may be considered
from a variety of viewpoints, in which case different generic relations
and different related word lists normally apply. The warious subject
classification provided by the Library of Congress (IC) classification
system for the term “sexuality" are shown as an example in Fig. 3. Sample
related word lists are included in Fig. 3 as are the LC subject indicators.

A storage arrangement of the type shown in Fig. 1(a) lends itself
to reasonably effective retrieval procedures. Indeed, document identifi- ~
cations and request identifications may easily be normalized before being
used by substituting for each original identifier the subject indicator
corresponding to the next higher node in the hierarchical arrangement.
Documents can then be classified into subject categories, and document
clusters of similar documents can be generated, based not on the words
originally extracted from the documents or on the terms originally chosen
by a variety of more or less reliable methods, but based on the subject
categories corresponding to the nodes within the hierarchies. The normal-

ization procedure will thus make it easier to match documents and requests
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(B) Organic
i. Alcohols

C—.ii. Hormones «——

(B) Secretions

-» 3. Hormones

I-7

See also Biology

Medicine

Science
Physiology
K Organs | II Bilology
(A) Circulation : (A) General
i. General | .
' ‘ (B) Phenomena
ii. Heart System | i. Exchanges
heart <—— - 1ii. Reproduction
artery ' cellular
vein || asexual
. l L]
(B) Reproduction «— C— iii. Sexuality
1. Srt';:ul:ture I ) See also Sociology
Psychology
female ‘ Medicine
See also Embryology | Anthropology
Biology ! Literature
Medicine
- ] | IV Pathology
III Systems ; (4) General
(A) Muscular | .
: | (B) Symptoms
(B) Nervous { .
: : (C) Illnesses
(C) Blood =« 4 » j. Blood
i. Constituents \—, > ii., Cardiac
ii. Blood Group | .
. l .
* | See also FPharmacology
I Chemistry
v Chemistry ! Toxicology
(A) Physical Measures |
. | VI Endocrinology
: | (A) Glands
I
I
R
]
1
|
I

Excerpt from Classification Schedule with Selected Cross References

Figure 2



Sexuality

1. As a social science (H), L. Medical and health aspects (R)
including statistics (HB), including gynecology (RG),
family problems (HQ), medical practice (RC),
social pathology (HV), etc; public health (RA), etc;

marriage, love, abortion, instinet, operation
ethics, men, women, abortion, hygiene,
bed, birth, birth control,... contraception,...

2. From the physiological view- 5. From the point of view of
point (9), including sexual cultural differences among
organs (QL,M), reproduction races (G), including ethnol-
(P,QH), etc; ' ' ogy (GN) and folklore (GR);

sex organs, reproduction, marriage, folklore,
instinet, puberty, anatomy incest,...
heredity,...

3. Psychological and religious 6. From the point of view of
aspects (B), including development in the
reproduction (BF), moral literature (P), including
theology (BX), sex worship (BL); literary history (PN),

reproduction, Oedipus complex, and English literature (FR);
sex worship, emotion, magazine, Freud,
passion, excitement, sex crimes,...
mystery,...
7. As an art (N), including

erotica, etc.

Sample Related Word Lists with
Library of Congress Subject Indicators

Figure 3

for documents since the use of related terms will always refer back to the

same subject identified either through the related word lists or by the

cross-referencing process.

transformations.

The retrieval process will also benefit from various other possible

Retrieval requests may, for example, be broadened by

replacing the original terms by new terms which appear on a physically

higher level in the hierarchy, and by following up the cross references.
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Contrariwise, requests may be narrowed or refined by inclﬁding terms which
appear on a physically lower level. The matching procedure may also be
extended by considering as equivalent any term within the same list of
related words, or any term within a given "distance™ from some other
term in the hierarchy.

It is often useful to include as part of the normal retrieval
structures not only individual disconnected words or terms, but also
word paifs or triples, or indeed cdmélete phrases And sentences. A docu-r
ment might, for example, be identified more closely by a set of phrases
than by a set of individual words. Each list of related terms included
in the hierarchy of Fig. 1(a) might therefore be supplemented or re-
placed by a "list of related phrases" which identifies the subject indi-
cator of the corresponding node. It is convenient to represent the
syntactic structure of each phrase in tree form, in such a way that each
word is represented by a node of the tree and the syntactic dependencies
by the branches of the 1:.ree.1’2 The trees corresponding to the various
phrases attached to a given node in the hierarchy are called criterion
trees, and their addition to the system gives rise to the structure of
Fig. 1(p).

A sample set of related phrases is shown in Fig. Li. The examples
of Fig. L refer tc the subject "Philosophy of Education" and include
phrases such as

liberal [education] ,
[education] for *,
[controversy] in [education] s

ERNEETTIN



- : [goal] (n.) -S [education] (n.)
-PR of -@ [world]

-P4 : [educational] (n.) v$ : [desirability]
.A: (adj.) -v (assist] (v.)
[education] , means - [public]

-A (adj.) - [controversy]

- approach (n.) -PR in, about, ever

-PR to -pg [education] (n.)

P4 1+ [education] (n.) _ [developnent]

- [education] (n.) -PR of

PR : for -Pg [ability] R [knowledge] (n.)

-P@PM: - -Q [edqucation]

-A liberal (adj.) -Q (n.)

- [attempt], [suggestion] (n.), - [education] (n.)
[education] (n.) -PR : for. in, of

-8 [education] (n.) -Pg [ability]

-v§ : [desirability] -A vocational

-VDVR: to - guidance, [education] (n.)

-VDv - (v.) -V [education]

-5 [education] (n.) -VPR for

-1$ : [desirability] v [ecucation]

~gVR : to -VPVR to

-ov - (v.) VP

Sample Criterion Trees for
"Philosophy and Aims of Education'

Figure 4
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and s0 on, The bracketed items represent special synonym classes or sets
of related terms, and the asterisk stands for any arbitrary word. For the
class [education] it is thus possible to substitute any one of a mumber of
terms such ae "education™, "school", "university", "college", "acsdemy",
"lecturing", "explaining", and so on.

As a result, each one of the criterion phrases of Fig.h represents
a number of actual word strings related to one of the sub ject indicators
in the hierarchy. The individual words of each phrase are listed in Fig.l
with a special syntactic code, and the set of codes corresponding to any
given phrase can be used to represent the syntactic tree structure of the
phrase. Furthermore the set of syntactic codes can be produced automat-
ically as output of a syntactic analysis routine, and it is possible auto-
matically to transform the tree structure into the code structure and
vice-varsa.3 The terms "criterion phrases" and "criterion trees" can
therefore be used interchangeably.

The criterion trees can be used in conjunction with syntactic
analysis techniques for the classification of documents. It is necessary
to obtain only the syntactic tree form of the sentences in a document,
and to match these analyzed document excerpts with the criterion trees.
Wherever a match occurs, the subject indicator attached to the correspond-
ing node of the hierarchical structures is assigned to the given document.

This will be further detailed in the next section.
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The techniques of language normalization and of request alterations
which were previously mentioned in connection with the model of Fig. 1l(a)
can be used unchanged with the tree structures of Fig. 1(b)., In addition
to the generic and cross-reference substitutions previously described. the
model of Fig. 1(b) also makes possible syntactic substitutions of various
types before search requests are matched with document identifications.
Various kinds of syntactic equivalences may, for example, be defined;
Vphrases ér ﬁc;rds exhibitiﬁg specifié syntaétic indiéators may be ignoréd 7
in the matching process; and completely unspecified nodes may be admitted
as part of the tree structures.
In the next section, machine programs are outlined which make use
of the retriewal structures of Fig. 1 for the classification of information,
for the generation of document clusters, and for the matching of document

identifications with search requests.

3. Retrieval Procedures

A. The Quantitative Model

It is well known that word frequency counting procedures are being
used extensively for the identification of document content and for a vari-
ety of other documentation tasks, including in particular, automatic index-
ing, automatic abstracting and the generation of word and document asso-

ciations.h The basic procedure consists in performing a frequency count of

all the words in a document, rejecting certain high-frequency function words,

such as prepositions and conjunctions, combining varying forms of words
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with similar stems, and using the remaining high-frequency words to
represent the document content. Each document is thus identified by

a specific set of high-frequency words w1 ,w2, cee ,Wn.

It is often desirable to use word groups instead of individual words
for the identification of document content. Such word groups are
generated by identifying those sets of words which tend to occur jointly
in gimilar contexts. More Asimply, the aamption is nrxardeﬂthat if two
high-frequency content-words co-occur in several sentences of a text,
they are related in some sense, and may therefore be grouped.

A typical method for the generation of word groups is:

(a) construct a word-sentence incidence matrix ¢ which
lists content words against sentences; matrix element
Cé is defined to be equal to n if and only if sentence
J contains word i exactly n times;

(b) define a coefficient of similarity between words based
on frequency of co-occurrence between pairs of words
in the sentences;

(¢) generate a word-word similarity matrix R which exhibits
all similarity coefficients between pairs of content
words;

(d) define word groups corresponding to those word pairs
whose assoclated similarity coefficient is greater
than some stated tnreshold value.

A typical word-sentence incidence matrix C is shown in Fig. 5(a).

To obtain a coefficient of similarity between two words based on the
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frequency of co-occurrence in the various sentences of a document, it is

only necessary to perform a pairwise comparison of the corresponding rows
of C. A useful coefficient of similarity between rows of a numeric matrix
is the cosine of the angle between the corresponding m-dimensional wreci;oz's.5
The similarity coefficients can be displayed in an n X n symmetric word
similarity matrix R, where the coefficient of similarity _Rj; between word

is

Wi and word Wj

m i3
2 xa1 S

Ry = R} - - -
i
\/ a1 G0 Zi'i.ﬁ%f)

A typical word-similarity matrix R, corresponding to the word-
sentence matrix C, is shown in Fig. 5(b). Since R is symmetric, it is
necessary to scan only the right (or left) triangular part in order to
detect word pairs withlarge similarity coefficients. The word grouping
procedure may be refined by various methods, including in particular:

(a) the use of a normalizing procedure which deletes word
suffixes and combines the various forms of words with
identical stems;

(b) the use of a dictionary of synonyms or thesaurus, which
would permit the replacement of each high-frequency word
by the corresponding thesaurus head;

(¢) the generation of complete phrases, instead of only word
pairs, by extracting from the text the related word pairs
together with their context.
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If it is desired to generate document associations or document

clusters instead of word associations, the same procedurses can be used with
gome slight modifications. Instead of starting with a word-sentence matrix
C, as shown in Fig, 5(a), it is now convenient to construct a word-docu-
ment matrix F, listing frequency of occurrence of word Wi in document D j°

Specifically, F. = n implies that document D, contains word W, exactly n

J
times.

Document similarities can now be computed as before by comparing -
palirs of rows, and obtaining similarity coefficients based on the frequency
of co-occurrence of the content words included in the given do.cw'nerrlz.5
This procedure generates a document-document similarity matrix which can
in turn be used for the generation of document clusters, for example, by
defining a cluster as including all those documents whose similarity coef-
ficients with all other documents in the same cluster exceed a given
threshold value.6

Consider now the problem of document retrieval in the present con-
text. Specifically, it may be desired to identify those documents whose
lists of high frequency content words exhibit similarities with the terms
used in a given search request. The preceding model can then be used un-
chamn2d by adding to the m X n document-word matrix F a special row Em*l
which includes the terms used in specifying the search request. Specifi-l
cally, _F_";*l is set equal to w if term Wk is used in the search request with
welight w; if word Wk is not used in the given search request ﬂ"l is set
equal to O, If no weights are specified by the requestor, the values of

the elements of row f‘"l are of course restricted to O and 1.
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A typical document-word matrix F of dimension (m#l)X n is shown
in Fig. 6. To obtain the set of all "relevant" documents, it is only
necessary to compute the similarity coefficients between row Zm‘l on
the one hand, and each of the other document rows _F_‘l,zz,...,gm, on the
other. The procedure previously outlined can be followed, in that the
set, of relevant documents can be defined to include all those documents
whose similarity coefficients with the search request exceed a given
threshold value. The terms used in the search request can also be nor-
malized by the thesaurus look-up method described previously for the

high-frequency text excerpts.

x‘em
Wl w2 vee Wn

Document,
1 1 1
LR B oK
D 2 2 2
Document 2 El Eg ce En = F

m =1 =2 ~-n
Search Request { Dm1 E’;"l g‘g"l frl

Document-Term Matrix F including Extra Row
Specifying Search Request

Figure 6



I-18

The complete procedure is summarized by following the simple arrows
between the boxes of Fig. 7. The processing specified for the search re-
quests is seen to be parallel to that used for the documents themselves.
Furthermore, the machine program which identifies word clusters by row
correlation of the word-sentence incidence matrix, can be used unchanged
for the identification of document clusters, and also for the identifica-
tion of relevant documents by substituting the document-word matrix for

the word-sentence matrix.

B. The Hierarchical Model with Synonym Lists

The quantitative model is based primarily on the words which occur
in the individual documents: documents are identified by sets of high-
frequency words; they are grouped or clustered by using similarities be-
tween these sets of high-frequency words; and they are retrieved by
comparing words extracted from search requests with high-frequency words
extracted from documents.

In contrast, now consider a system which includes semantic asso-
ciations as represented by the structure of Fig, 1(a). Each node in the

hierarchical structure represents a subject category, and a given word

occurring in a text may therefore be associated directly with one or more
nodes in the hierarchy if it identifies such a subject category. More
commonly, a word occurring in a text will be associated with one or more

of the related word lists which are attached to the nodes of the hierarchy.
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Given a high-frequency word occurring in a text, the structure of

Fig. 1(a) can be used to identify the following types of semantic associa-

tions:

(a)

(b)

(c)

(d)

(e)

the subjlect category or categories with which the
given word is immediately associated:

the subject cat.egory or categories whicn are gener-
ically superior, that is, located on a level imme-
diately above, and linked to the nodes identified

in part (a); _

the sﬁbject category or categories which are gener-
ically inferior, that is, located on a level imme-
diately below, and linked to the nodes identified
under (a);

the first-order cross references, that is, all subject
categories directly cross-referenced by the nodes iden-
tified in part (a);

the set of all related words or phrases associated
with the nodes identified under (a)

It is clear that the procedure for document identification, clus-

tering, and retrieval can be improved considerably over those which are

possible with a strictly quantitative model. Consider first the document

identification: the word frequency lists identifying the various docu-

ments can be replaced with subject category lists by a look-up procedure

in the hierarchical structure, and the corresponding subject category

indicators can be arranged in frequency order to identify the documents.

The procedure is described by means of an example.



I-21

Figure 8 contains a list of high-frequency words and phrases for
a sample document. When each of the high-frequency words is looked-up in
a hierarchical structure of the type shown in Fig. 1(a), and the corre-
sponding category list is produced as shown in Fig. 9, it may be noticed
that a total of 15 different subject categories are identified. These
15 categories, in turn, lead to 7 main subject headings by substitution
of generically superior terms from the hierarchy: sociology, medicine,
‘'science, military science, technology, philosophy, and agriculture. The
subject categories and the corresponding codes shown in Fig. 9 are taken

from the Library of Congress classification schedules.

Heart Attack
Treatment
Cholesterol Level
Blood

Young Men

Suggest

Female Hormones

Female Sex Hormones

Sex Hormones

Effect of Sex Hormones
Reticulo-Endothelial System (RES)
Stimulation of RES

| Animal

Medical Chemistry

Physics

High Frequency Words or Phrases in Sample Document+
Figure 8

t See H.P. Iuhn, "Auto-Encoding of Documents for Information Retrieval

Systems," Modern Trends in Documentation, M. Boaz (editor), Pergamon
Press, 1959.

AR+ i o P
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(Sociology)

Young Men (social pathology)
Youth (family, marriage, women)
Suggestion Systems (commerce)
Female

Men

R (Medicine)

RC

Heart Attack (medical practice)
Blood Diseases (medical practice)
Sex Hormones (endocrinology)
Medical Chemistry (pharmacy)
Blood Chemistry (patholog;'g
Stimulants (therapeutics)
laboratory Animal (research)

Q (Science)

ESESSSSSS| 286

Cholesterol (physiological chemistry)
Blood (physiology)

Blood Chemistry (physiology)

Sex Hormones (physiology)

laboratory Animal (comp. physiology)
Cholesterol (chemistry)

Physical Research (physics)
Reticulo-Endothelial System (physiology)
laboratory Animal (zoology)

U (Military Science) UG Attack (military engineering)

T (Technology) TA leveling (engineering)

B (Philosophy, Religion) BJ Young Men (ethics)

S (Agriculture) SF laboratory Animal (animal culture)

Sub Ject Categories

Obtained for Sample Document
Figure 9

The subjJect heading "military engineering," for example, is

obtained by cross reference from the high-frequency word "attack," simi-

larly, "agriculture" is obtained by cross reference from "laboratory

animal," Four of the seven major subject headings can be eliminated

because they are identified with insufficient frequency. The remaining

e anmxxme:ij?“
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ma jor subjlect headings are "science," "medicine," and "sociology," respec-

tively, and the principal subject categories in decreasing frequency order

are
physiology,
medical practice,
family and marriage,
and so on.

The list of subject categories produced by the look-up proce-
dures in the hierarchical structure can be used not only for purposes

of document identification, but also for document clustering and retrieval.

Specifically, lists of high-frequency words or phrases together with the
relevant subject categories are obtained as before from the hierarchical
structure for a given document collection. These phrases are then listed
in a document phrase matrix @, similar in nature to the document-term
matrix F of Fig, 6. However, whereas each applicable term is listed only
once and is thus represented by a single matrix column in F, all semantic
contexts are provided for each phrase in G by listing the phrases as many
times as there are applicable subject categories. A given phrase may
therefore be represented in G by several matrix columns. Thus if matrix
element g’jjk = n, it is implied that a given phrase P i occurs n times in
document Di; the first subscript attached to the phrase refers to the
phrase mumber, and the second to the subject category of the phrase.
Figure 10 shows a typical document-phrase matrix G in which the phrases
have been ordered in such a way that all items belonging to one and the

same subject category appear in adjacent matrix columns.
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Category A Category B
Phrasey — ™~ —————

P P LR P P LN P!
Document, 2 1B 3B n2
1 1 1 a1 1
Dyl /S Sop - Gp G oo G2
2 2 2 2 2
Daff S1a Bon -+ G5 S v G2
Document < . =0
m
[ o s Gp o+ Gy O - Oy

Document-Phrase Matrix with Specified SubJject Categories
Figure 10

Document clusiers can now be generated by using the procedures pre-
viously described for the quantitative model, except that matrix @ is sub-
stituted for F. Specifically, a document-document similarity matrix is
obtained by pairwise comparison of rows of G, and clusters of documents are
defined as a function of the document similarity coefficients as before.
The procedure for document retrieval is aleo parallel to that previously
described in that an extra row specifying the search requést is added to
the phrase-document matrix G. Row g’" +1 is then compared'é'géir:iat all other
document rows to obtain an n-dimensional vector of similarity coefficients,
and documents with sufficiently large coefficients are considered to be
relevant to the given request.

The request vector gml is constructed by substituting for the

words used in a given search request the category indicators and first-order
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cross references found in the hierarchical structure, and by labeling the
appropriate matrix elements in row _Qm‘l. The value of the individual
elements may be either O or 1, or alternatively a weight w may be assigned
as previously explained. The row correlation program which is used to
identify the relevant documents, as well as the word and document clusters
is the same as that used for the quantitative model.

The complete procedure is again summarized in the chart of Fig. 7
where the deuble arrows are tn be substituted for the simple arrows

vwherever an alternate path is provided.

C. The Hierarchical Model with Tree Structure

The preceding mcdel, ewen though providing for the addition of
semantic associations by introducing new words related analytically or
generically to the ones originally used in search requests and documents,
is still primarily based on the word as a unit of information. In par-
ticular, two documents are assumed to be related, if the words originally
contained in them, or their respective substitutes, can be matched. The
same is true for the matching of requests with documents. Phrases, rather
than words, can of course be used, as illustrated by the document-phrase
matrix of Fig. 10. Howewver, in the hierarchical look-up process used up
to now it is assumed that two phrases can be matched if they contain one,
or two,... or n words which are identical (except for the permitted
semantic substitutions). The syntactic structure of the phrase itself has
not so far been taken into account; this makes it possible to match dis-
tinct concepts such as for example, "school children,™ "children in school,"
and "school for children."



I-26

The internal structure of the phrases can be utilized, and a more

accurate matching process can be obtained by providing syntactically ana-
lyzed phrases and requiring matches of the individual words as well as of
their syntactic structure. This is accomplished by using the model of
Fig. 1(b) in which the sets of related phrases or criterion trees are
listed in syntactic tree form. The principal modifications introduced in
the over-all process by the structural analysis are shown in Fig. 7 by
means of boxes intercennected by triple arrows.

The process starts as before by a word frequency count and a nor-
malization procedure designed to combine the varying forms of words with :
gimilar stems, Excerpts containing a large number of high-frequency words
are then extracted from the original documents. Instead of extracting
only individuval words, it is convenient to use larger units, such as
clauses or complete sentences. A syntactic analysis is then performed
of both the search requests and of the extracted parts of the documents,
and the analyzed output is represented in tree fom.l’2’3 Instead of
physically manipulating the two-dimensional tree form, it is convenient
to attach to each word of the text a syntactic code which exhibits the
syntactic function of the given word and also the syntactic dependency
structure. The principal words of the sentence, such as main verb, sub-

Ject, object, and so on, are assigned short strings of code characters,

and the remaining words which are syntactically dependent on them are

assigned longer strings. Thus, the length of the character string attached

to a given word signifies "depth" of syntactic dependence and therefore

3

depth of location in the corresponding tree structure.” A sample excerpt
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is shown in column 1 of Fig. 11 and the corresponding syntactic character

strings are given in column 3 of Fig. 1ll.

1 2 3 i 5
Excerpt from Sub Ject Coded Syntactic{ Matching Matching
Original Text Category Tree Structure | Code String | Criterion Tree
Many 18

of 15PQ

the 1SPgA

new 1spdia

citizens [person) 15pg

began , . 1v

to 1VPR

percelve [consider] 1

the I

schools [education] 1 -V :

as 1VHVPR -¢ :I -[-Q: | [education]
a 1VRVPAA ~PR: | {-Q: (n.)
means [means) 1VAVPg -Pg:

by 1VPVPETVPR

which 1VPVPETVP@

their 1VPVP@7SA

children person] 1VPVPETS

might desirability]| 1VPVPB7VX

have 1VPVPETV

a 1VPVPE7A

fuller 1VPVPETEA

life [worl ] 1VPVPE7d

. . 1. -

Hence 1vD

s 1,

in 1VPR

addition 1vpd

to 1VP@PR

educating  |[education] 1VPgP - [education)
for 1VP@PAGPR for
intelligent 1VPEPAGPIA -PR: (n.)
citizenship [world] 1VP@PAOPP -Pg:

.
.
3

Sample Tree Matching Output

Figure 11
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Following the syntactic analysis, the words and associated code L
strings extracted from documents and search requests are compared with the a
criterion trees included in the hierarchical structure, and the gemanti-
cally associated information, including cross references and generically
related items, is extracted from the hierarchy whenever a match is found.

The operation required to find matches between word strings on the one
hand, and criterion strings on the other, is however not as simple as the
word matching procedure used before. Indeed; only & small number of o
general criterion trees are provided, each of which may be matched with

a multiplicity of actual word strings. Thie is achieved by associating
general terms, such as subject categories, with the nodes of the crite-~
rion trees, and by leaving the syntactic structure of the criterion trees
largely unspecified. "Variable" characters are therefore introduced in
the syntactic code strings associated with the criterion trees, and each
"variable" character can replace a specified set of "fixed" gyntactic
characters of the type shown in Fig. 11. The dashes used in the code
strings of the criterion trees shown in Fig. L are examples of such
variable characters.

In order to find a match between a given word string extracted from
a document and its associated sequence of fixed syntactic codes, and a

given criterion string and its associated sequence of fixed or variable

code characters, the following operations are therefore necessary.
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Fach word in the word string must be looked up in the
hierarchical structure, and replaced by the corre-
sponding subject heading (this operation is equivalent
to the thesaurus look-up described in connection with
the quantitative model).

Esch variabie code character associated with each term
in the criterion tree must be replaced by a sequence
of fixed characters.

A match is then obtained between a given word of a word string and a
given term of a criterion string if the associated subject headings as '
well as the associated fixed character strings are identified. Further-
more, a complete criterion tree will match a complete sentence extracted
from a text if there exists a sequence of fixed characters such that
each term in the criterion tree matches at least one word in the sen-
tence in the same linear order.

Given any sentence, it is necessary to test in order all the
criterion trees which contain any of the relewvant subject categories.
Various strategies are possible for matching sentences (word strings)
and criterion trees. The most immediate method consists in taking the
first term in the first criterion tree and comparing it in turn with
each subject category associated with the words in the sentence until a
match is found. The next term is then taken and matched against all the
subsequent words in the same sentence, and so on, until either the terms
in the criterion tree or the subject categories associated with the sen~

tence are exhausted. If the sentence is exhausted before the criterion
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tree, no match can possibly exist, and the next criterion tree must be
processed. If the criterion tree is exhausted before the sentence, a match
may or may not exist. The procedure will in general permit the matching of
long sentences with short criterion trees, since many of the words in a
sentence are disregarded in the process. Thus, it is always possible to
disregard subordinate clauses, adverbial or prepositional phrases, or any
other sentence parts which may not be included in any given criterion treet

The strategy used to assign sequences of fixed code characters to
the variable characters associated with the criterion trees is similar to
the previously described method for matching word and criterion strings.
The variable characters are processed from left to right and are initially
assigned the shortest possible fixed character strings. This process is
continued until either the given character string is exhausted or it is
determined that the complete assigmment of fixed character strings to all
variable characters is impossible. In the latter case a new assignment
is tried by using successively longer fixed strings to replace the variable
ones. As an example, the fixed character string "1SPJA" matches the string
".S5¥A", by replacing the variable characters "-" and "#" respectively by
the fixed characters "1" and "Pgh.

Two matches are found when the word string illustrated in Fig. 11
is compared with the criterion trees of Fig. L. The subject headings

vwhich replace some of the words in the sentence are shown in column 2, and

“FA different matching procedure which uses the graph theoretic properties
of the syntactic trees and finds the subgraphs of a given graph instead
of proceeding on a node-by-node basis has been programmed by E. H.
Sussenguth.7
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the matching code strings and criterion trees are shown in columns L and
S of Fig. 11 respectively.

Following the look-up procedure in the hierarchical structure and
the comparison of sentences with criterion trees, the item-sentence and
item-document incidence matrices are constructed as before. Each item is
now a2 criterion tree instead of a single word, and a given sentence or
document ig characterized by the matching criterion trees contained in it.
The remsinder of the procedure outlined in Fig. 7 is also followed un-
changed in that the item-item similarity matrix is used to generate item
clusters; the document-document correlation matrix similarly generates
document clusters, and the item-document matrix augmented by the request
vector determines documents which are relevant to a given search request.

The complete process can of course be kept more or less flexible
by assigning completely variable code strings to the terms of the cri-
terion trees, or alternsatively by not permitting any variable code
characters at all. Similarly the criteria used to match word strings

with criterion strings may be made more or less restrictive.

L. Summary

Three models have been described for automatic document retrieval
gsystems, The first one is based largely on the words used in the docu-
ments and search requests. The second adds semantic assoclations by
introducing a hierarchical structure consisting of generic inclusion rela-
tions, cross references, and lists of related words. Finally, the last
model also exhibits syntactic associations through the introduction of

syntactic tree structures.
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The programs needed for document clustering and retrieval become
increasingly complex as semantic associations and syntactic structure are
taken into account. The following programe are specifically required;

(a) itemization of linear text;
(b) normalization of word forms by suffix cutoff and
condensation of words with identical items;
(¢) word frequency count;
(d) extraction of words, phrases, or sentences including
high-frequency words;
(e) thessurus look-up process to replace a given item by
- the corresponding subject heading;
’ (£) construction of item-sentence and item-document
‘ incidence matrices;
(g) row-correlation process to obtain word and document
clusters, and to compute a relevance index for documents.

The hierarchical models with synonym lists and criterion trees are
based in addition on the following programs:

(h) a hierarchical look-up proce-s designed to identify generi-
cally superior or inferior items, cross-referenced items,
and lists of related items;

(1) a syntactic analysis procedure which furnishes the syn-
tactic tree structure of each sentence;

(3) a tree matching process which compares a fixed tree
structure representing a word string with a variable
structure representing the criterion trees.

A useful comparison of the three models is difficult to perform,
since the usual criteria of efficiency including time of execution and
internal computer storage requirements are obviously not sufficient by
themselves. Some measure of goodness or accuracy of retrieval is alsc

rneeded., If speed and storage requirements alone were of importance, the
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quantitative model would clearly be most efficient. Comparative tests.
with actual document collections are nseded to determine whether the more
complicated hierarchical look-up and syntactic tree matching processes
provide a sufficient improvement in retriewal accuracy to warrant the
cost in both time and equipment required by the hierarchical models.
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II. AUTOMATIC REFERENCE ANALYSIS

Margaret Thompson

l. Introduction

With the development of versatile character recognition equip-
ment, it becomes increasingly possible to use as basic machine input

- unedited runming text us it appears in bvooks, MagiFines, or jolurnala,”

Bibliographic references or citations constitute an integral part of
most technical articles, and methode must be available for processing
such bibliographic citations automatically. In particular, it becomes
necessary to identify similar, or equivalent citations, and to rearrange
a i'eforonoo list into some specified order. The difficulties arising in
this connection are largely due to the extreme variability in format and
to the lack of standardisation which prevails in the publication of
citations.

The present program takes bibliographic citations and automatically
arranges them into a standard format  in such a way that the various parts
of the citation are unambiguously identified. These standardised citations
can later be processed by sorting and matching procedures to identify
similar citations and to effect various rearrangements.

2. QGeneral Categories of a Bibliographic Reference

- 411 references can be manually separated into nine or fewsr general
categories. The present program handles this separation automatically with
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a ninimum of manual preparation of the input data. The reference
categories to be recognized are as follows:

(2) author(s), including initial(s), Jr., III, etc.,
(b) title of paper or book,

(¢) title of journal,

(d) volume number,

(9) ;uuo number,

(£) monu-bor, -

(g) name of publisher,

(h) oity of publisher,

() year of publication.

411 given input information is classified under one of these
headings; however, one or more of these categories may be missing from
a legitimate reference.

3. Automatic Category Selection

The first part of the program reads in the complete data from
& single reference. Fields are pieces of data information ending with
some punctuation mark. Categories contain one or more fields ending
with some key punctuation mark. Categories are identified and formed
in the order described in Part 2. From the complete reference source
consecutive fields are ¢xsmined to determine if the data fit into the
description of the category being formed. It may happen that a part of
a category is read and further fields are necessary to complete the
category.
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In the author category, certain defined formats are likely to

begin the citation. The most common formats are tested first such as
one or two initials preceding the authors last name, or the authors
last name followed by one or two initials. The more subtle, less
frequently occurring formats are then tested; in particular in a series
of last names of authors, the word "AND® is searched for immediately
before the final author. o
oontains an initial, *I."; the second f:l.ol& contains the authors last
name, "NAME®; the third field contains the title of a paper,
*Computers......Constanta.” Fields one and. two are collected, put in
& standardized format, and entered in the Author Table as "NAME, I."
Field three did not contain *Jr.® or another author. Therefore this
is the first data field considered in formulating the next' category.
If more data are necessary for the seoond category, additional fields
are read from the complete reference source. This procedure continues
until all nine categories are formed or it is determined that one or
more of the categories are vacuous. If a category identifier is found
before the testing oocurs, the pertinent data are identified and saved,
until that particular category is being formed.

In certain cases, special words are also used to help identify
the category to which a field belongs. For exsmple, "vol" identifies
the data with the volume number category.

If a blank word is read or all nine category tables include at
least one entry, the reference has been fully processed. The prograa

[T
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recycles to process the next reference in the same mamner. See
Appendix A for more detailed flow diagrams of entire program.

4e Conventions

Two types of restrictions are required: input and logical.
4. Input

~ To distinguish unaarked numerical fields and to overcome the

limitations of the chu-actor set available on the IBM 026 keypunch
machine, the following oconventions are imposed on the input data:

(a) dollar sign (§) is inserted before any boldface. This
sign indicates that all data up to the next punctuation
mark are entered in the Volume Table;

(b) asterisk (*) replaces colons and semicolons. This
will distinguish an otherwise unmarked (absence of
special words, "vol*® etc.) volume number and issue
mumber from an unmarked page nmumber. If there is a
comma in the body of a title, the title category
usially ends with a colon or semicolon. The replace-
ment of the colon or semicolon by an asterisk will
permit complete title selection in this situation;

(¢) a series of two or more minus signs (---) replaces
a dash. Only the ll-punch minus sign will be
recognised
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t (d) a single (') or double ('') apostrophe replaces a
quote;

(e) Roman numerals are converted to arabic numbers.

B. Logical

The known logical limitations within the program itself are
as follows:

(a) there must be an author and/or a paper (book) title

/ for each reference processed;

(b) editors are treated as authors;

(e) translators, when given, are ignored. The original
suthor(s) only are proceased;

(d) ooccasionally a cited journal article is referred to
only by page number, rather than by the actual title
of the article. This journal title is listed in the
"PTitle of Paper (Book)" Table. No entry is made into
the *Title of Journal® Table. The journal title is
substituted for the missing paper (book) title;

(e) a leading long dash beginning a reference indicates
that this citation has the same author as the oitation
immediately preceding. For this reason, the first
reference to be processed cannot begin with a dash.

5. hmt Data

The following list represents some typical input examples as

DN T - b, s s} 12570 e
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they appear after manual pre-editing. The titles have been shortened -

Nbere a series of dots occurs.

1.
2.
3.
4e
5.

6.

7.

8.

9.

Princeton University Press, 1955. ===

Cook, C. B., "Modification ... Forms,® Proc. 1958
Natl. Eleotronics Conf., pp. 108-1067.

Hildebrand, F. B. * Introduction to Numerical
‘n‘ly.i.c IoGrlﬂ-Hill, New !Ork, 19560

Cecil Hastings, Jr., Approximations ... Computers.

S. Schechter (Rd.), Nuclear ... Newsletter,
New York University.

Cesaro, Ernesto * Einleitung ... Rechning;
translated by G. Kawalewski. Teubner, Leipsig, 1922.

Memo from R. B, Reddy to A. G. Carlton, The
Computer ... Constants, JHU Applied Physics
Laboratory, April 6, 1954.

cOPi, I. M., llgot, c. C. andlright, Je B,
Realization ... Bvents. J. Assoc. Comput. Mach. 5
(1958)} 181"1%.

Courant, Freidricks, Lewy, G. B., Uber ... Physio,
Math. Ann. 100, 32 (1928)0

British Association for the Advancement of Science,
Mathematical Tables, Cambridge Univ. Press, 1952.

------ s Gensration ... Computers. Math. Tables ...

Typiocal Input
TABLE 1



15.

Enoyolopaedia Britannica. 24 vols. 1944.

M. A. Acsel, ''The Effect ... Priorities,’'! Opns.
Res. 8, 730-733 (1960).

Pe M. Morse and H. Feshback, Methods ... Physics,
Part 1 and 2, McGraw-Hill, New York, 1953.

V. Nather and W. Sangren, ''dbstracts = N R Codes,'!
Communications ... Machinery, 2#1 (January, 1959).

Aitken, A. C., Determinants and Matrices.

- Bdinburgh * Oliver and Boyd, 1948.

16‘17 .

18-19.

20-21.

22.
23.

25.

P. A. M. Dirac, Proc. Roy. Soc., 4 133, 60 (1931);
Phys. Rev. 74, 817 (1948).

Rosenblatt, F., (a) The Perception ... Systems.
Cornell Aero. Lab., Inc., Report No. VG-1196-G-1
(1958). (b): Two Theorems ... Perception. Cormell
Aero. Lab., Inc., Report No. VG-1196-G-2 (1958).

P. A. M. Dirac, Proc. Roy. Soc., A 133, 60 (1931) *
see also F. London, Superfluids, Wiley, New York,
1950, Vol. 1, p. 152.

Bickley, We. G., See Temple and Bickley

Samuelson, P. A., 'Iterative ... Roots,'! Journ. of
Math. and Phys. 28 (1949), 259-301.

----- N tA Simultaneous ... h“‘tion,' ibid. 242
(1950) .

Letting Bills Pay Themselves, Business Week,
October 27, 1956.

TABLE 1 (contimued)

I1-7
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6.

Processed Table Listings

The input examples given in Part 5 are listed in Table 2 as

they appear as the result of the standardization procedure.

GRapr T Lo o

Category Tables After Processing
TABLE 2

Title : '
Author (s) of Paper | o tovie | Publisher |City | Year
(Book)
l. Cook, C. E. {(Modifica- [Proc. 1958
tion ... 1067 .
2. Hildebrand, |Intro- MoGraw-  [New 1956
F. B. duction rﬂill York !
Analysis ‘
3. Hastings, Approxina~ Princeton 1955
Cey Jre tions ... University !
Computers Press i
i
4+ Schechter, Nuclear New York |
S. (Rd.) Codes News- University ;
letter i
5. Cesaro, B. Binleitung Teubner  |Leip- 11922
XX} lig :
Rechning
6. Reddy, R. B. |Computer JHU 1954,
XX Appl:l.ed April *
Constants Physios 6
Laboratory
7. Copi, I. M. Realiza- J. AsBOC. 1958
llgot, C. Co |tion 0. Conput.
Wright, J. B.|Bvents Mach.
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f — Title T )
il Title of {Vol. | Is Page 3
Author(s) et('m Joureal |Noe | Nou| Ne. Publisher | City| Year
8. Courant Uber +oo  |Math. 32 1928
Friedricks Physik Annals
Lewy 100
9. British Mathemgti~ Canbridge 1952
Association ocal Tables University
for the Press
Advancement
of Soience
}10 British Generation |Math., |11 1255 . _J4957 .
Amciltion vee Tables 257
for the Computers |... Alds
Advancemeat Comput .
of Science
1. Bnoyclo- 2 1944
paedia vols.
Britannioca '
12. ‘“.l’ M. &. Bffects ... OPDI- 8 730- 1%0
Priorities,|Res. 733
The
13. Morse, P. M. | Methods Part 1 MoGraw- New {1953
Peshback, H. eee Physics and 2 Bill York
14+ Kather, V. Abstracts -|Communi- |2 1 1959
Sangren, W. N R Codes |cations Janmary
Machinery
15. ‘1&.!1, 4+ Co| Doter- Oliver Bin- 19‘8
minants and burgh
and Boyd
Matrices
SRR S IS R

TABLE 2 (ocontinued)
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Title
Title of | Vol. |Issue [Page
Aathor(s) ofmn Journal | No. | No. | No. Publisher [City| Year
16. Dir.o, Proc. RDY . 133 60 1931
P. A, M. Ce
17. Dirae, hys. /3 817 1948
P. ‘. l. ]
18. Rosenblatt, [Percep- port Cornell 1958
r. ion eee 0. VG- dero. L‘bc,
.t'.. » 1196'0‘ Ino Y
© e nd [ . l [UURUR SRR PS SUG S -
19. Rosenblatt, [Two port Cornell 1958
r. Theorens 0. VG- Aero. Lab.,
ese Percep- 96-G- Inec.
tion
20. Dirso ’ Eroo . nOy . .133 60 1931
Po Ao M. [+1. X%
2l. London, ?. %upor— 1 1152 | Wiley New [1950
fluids - York
22,
23. Samuelson, |[Iterative [Journ. of R8 R59- 1949
P. A. eee Roots th. and 301
hys.
24, Samuelson, [Bimul- Journ. of R42 1950
P. A, aneous ath. and
X Ph’ Be
EBquation, A
ills Pay ek October,)
Themselves 27

TABLB 2 (ocontimued)

)

§ St
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- A preliminary output is planned to test acocurate category
separation after processing of each reference. Bach oategory of a
reforence will be listed on a separate line in the order described
in Part 2. All category listings will be indented except the author,
and spacing within a reference listing indicates that no information
was given or processed for this particular category.

Input: Cook, C. B., "Modification ... Forms,* Proc. 1958
Natl. llectronicl Oonf., pp. 108-1067. )
Preliminary Output:

(a) Cook, C. B.

(v) Modification ... Forms
(o) Proc. 1958 Natl. Electronics Conf.
()
(o)
(£) 108-1067
(g)
(n)
FPinal Qutput: See Part 6, Table 2 and Part 8, Table 3

7. Explanation of Table Formats

A+ Nine Categories

Authers
(a) Author'slast name oocurs first, followed by initials.

R ak £33 SO Bt 5 o S

PR
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(b)

(o)

()

(£)

(g)

A11~omp1n.+

Jdre., 1II, etc. are included.

Exanple 3.

Bditors are treated as authors.

Example 4.

Translators are ignored.

Example 5.

(frqn) is considered the author and person(s)
addressed (to) are ignored.

Example 6.

If more than one author is cited, all authors are
listed and the rest of the reference information
is listed after last author. "“AKD* ocours before
last author.

Exanple 7.

Exception no "AND*. Only last nmes of multiple
authors are given and the title is greater than
one word.

Example 8. .

If special words (Staff, Association) indicating
multiple authors ocour, this field is considered
the author.

Exanple 9.

7 Examples refer to the reference rumbers in Table 1 and Table 2.

-

(e) Private communications, memos, etc., the originator . _



(b)

(1)
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An initial long dash refers to previous author and all
author information from previous reference is repsated.
Examples 10, 24.

A reference has no given author if the special words
"Tables,” "Encyclopaedia,* “Dictionary," or "U.S."
appear in the first field.

Example 11.

- Title of Paper (Book)

Book titles (Example 2) and titles of papers appearing in

journals (Example 1) are listed in this category.

Title of Journals

This category lists all titles of journals (Example 2)

and has no entries from books (Example 2).

Volume Mumber

(a)

(b)

(o)

All information after a boldface indicator (§) wp
to the next punctuation mark is considered the
volume number.

All integers preceding a colon indiocstor (*) are
considered the volume number.

An ocourrence of one of the following special words
with or without prefix or suffix integers will indicate
a volume number eatry: vol., v., part, pt., diary,
report, rept., Report no., paper, technical note,
tech. note, T. N., theais, doctoral thesis.
Rxaaples 11, 13.

ek s LAt IR S o Ll S



Issue Number : =

(a)

(v)

3

§ B

If & numerical field ococurs after the volume number
or colon indicator (*) and is not the date or page
number, it is entered in the Issue Number Table.

An occurrence of one of the following special words
with or without prefix or suffix integers will
indicate an issue number entry: edition, ed., series,

_oumber, po. . e

P:‘: uaber

(a)

(v)

An occurrence of one of following special words with
or without prefix or suffix integers will indicate

a page mumber entry: p., pp., section, chapter(s),
chapt., monograph.

Any mumber that has not been processed up to now, is
not the date and has a dash,ls considered the page
number.

mplﬂ 7.

Publisher and City
Publisher and city occur only for books.

(a) A4ny field of nonnumeric characters (excluding
months and N.D. no date), not processed up to
now, 18 considered the publisher and/or city of
publication. Most references bave the publisher
first, followed by the city of publication.
Example 2.
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(b) Occasionally the city appears before the
publisher, therefore a small table of such
oities will be searched prior to calling this
field the publisher.

Example 15.

(e) 4n ocourrence of one of the following special

words with or without prefix or suffix data will

lab.

If *N.D." (no date) is present there is no date entry.
Any four character integer not processed up to now,
beginning with 18-- or 19--,is considered the year

of publication.

Example 2.

The month and day of month is V:anlurdod in the year
entry, if present.

Example 1. '

Multiple Citations

Multiple citations occur when a single reference contains two

or more cited articles or books by the same author or each cited work

say have s different author. Multiple citations appear in two general

foras:

the same author and multiple authors. There are two specific

formats for each of these forms. These four formats, if present, must

it b A SN (2 &
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be identified at the beginning of each category to be processed il
after the author.

Same Author — two or more citations

(a)

(v)

Repetition of boldface.
Examples 16, 17.

Occurrence of the form *(a) (v) n,

If either of these two conditions occurs the same

“guthor 18 agaln entéred 1itc the author table amd

the information following the repeated punctuation
is processed.
Examples 18, 19.

Multiple Authors — multiple citations

(a)

(v)

"gee also" The processing of a new reference begins
if this special word is found at the beginning of a
new category.

Bxample 20, 21.

®ibid.* - in the same place

8106. oit.* = in the same location

Yope. cit." = in the same work

The occurrence of these special words indicates the
same book or journal source as the previous citation
and this information is repeated.

Example 2.
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C. Desoriptive Titles

If the first field of the citation (up to first punctuation mark)
contains four or more words, after tests for initials and all special
words likely to oocur in the author field have failed, a descriptive title,
having no given author, is assumed. This information is entered in the
Title of Paper or Book Table. IExample 25.

8. Output Pormat

A. Normalisation

Normalisation is necessary to standardize the output from this
part of the program before entry to a SORT program. The following
standardisations have been adopted. See Parts 5 and 6, Tables 1 and 2.

(a) Authors are given with last name first, followed

by any initials.

(b) The title of a book or paper has leading "The* or
A" at the end, otherwise same as originll source.

(o) The original form of the journal title is kept even
if abbreviated. Thig may have to be modified as some
Jjournals are abbreviated in more than one way and
this may interfere with the later matching proocess.

(d) The words vol. or v. will not be used in the Volume

‘ Number Table if they occur before the integer.

(o) 411 special words for the ismie number are included

in the Issue Number Table. '
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(£) The words p. or pp. will not be used in the Page
Number Table.

(g) The publisher and city are now processed as they
exist. This may need modifications as abbreviations
may oocur.

(k) The year is entered first into the Year Table, followed
by month and day, if present.

(a) Unit

For each reference processed, & maximum of one data entry is
nade to each of the nine category tables with one exception. Each
author of a multiple author reference is entered separately in the
duthor table. Otherwise, there is a maximum of nine data entries per
reference. The next reference is then processed and an addition may or
may not be made to each of the nine tables. After all references are
processed, there are nine separate tables in memory of varying length.
Rach of these tables may be processed as a unit (e.g., alphabetical
listing of all authors from Author table).

(b) Modification

To make it possible to associate all parts of a single
reference (given a title, get the author(s), etc.), some identification
has to be attached to each tabls entry. Data entry to any category
table generated from a single citation would carry the same identification
mumber. A sequential numbering or chaining inoreased by one for each

-
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new citation processed, must be handled during the category formation
of each reference. The chain links the separated information from the
same source. MNote that only multiple authors have more than one data
entry per table from the same reference (same identification number).
After all references are processed, the tables are collected and an
output tapo is made containing the data witbh identification.

Table 3 shows how the category tables including identification

Table /, shows the final output tape. The number of files on
the tape equals the number of category tables to which entries have been
made during processing of all citations. The first record of each file
ocontains the table name. The first word of a record contains the
identification number. In this way, each separated category can be
worked with independently (e.g., all authors) or, using the entire output,
parts of a single reference may be extracted.

9. Summary

This program, when completed, should identify and normalise all
references into the categories described earlier, and set these up as
tables readily available for use by a SORT program. The automatio
analysis presupposes the absence of almost all pre-editing and manual
determination of information content of the input data. A SORT program
oan later be used to extract from these prepared tables those items
which obey some given search oriterion. For example, authors may be
ligted alphabetically, multiple authors and citations may be extracted,
and many other rearrangements may be effected automatically.
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Title

Journal

Author Paper, Book Title 0l. [Issue | Page| Publisher Lity| Year
- 1 .1 3 1 2 2
71) Cook, C. B. Modification.. Proc. 1958 5 108-| Princeton 1955
sssessscsforms | Nat. Bleo- 1067 Univer-
tronics ‘ sity Press
Conf- ! .
!
2 2 30 3 3
'”3)“"!5&51‘:{&5;"Ui”':ff'l‘ﬁpi%ﬂiiﬁbiﬁ‘f R V77" PR 0 ¢ £ R S e & -1-1
+eee.Conputers Compt. Mach. 196
3 3
7) Copi, I. M Realisation...
QOOOOOOQNOntq
3
l'.l.got, C. C.
3
'righl’-, Je Be

o,

-’.

Category Tables After Processing

#ldentification mmbers.

TABLE 3

Example numbers refer to reference numbers in Tables 1 and 2.
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Authors I lst Record

f record
Cook, C. B. 2

2
K&ltingl, C.Jdr.

3
Copi, I. M.

3
Elgot, C. C.

'ri‘ht’ Je B.

Title, Paper ] 1st
Book record

1l

Modification z record
sessee JOTHS

Approximations
seee oco.m.rl

3

Realisation
ecsseBvents

Journal
Title

1l

Proc. 1958
Electronios Conf.

3
Je Assoc. Comput.

R

File

File

Page

1
108-1067

3

181-196
—— |

Publisher
2

Princeton
University
Press

Year

1955
1958

Category Tables After Chaining

’Idnnt:lﬁcttion numbers.

TABLE 4
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APPRNDIX & <

Flow Charts Identification and Standardisation of Nine Reference
Categories.
Main Program: Reads in data of next reference.
Controls sequence of 9 main subroutines.

More references to prooeu-—'-?um

Authore—-Tes

Author

Tables, Bncyclo., Diet., U. S. Ies >
¥o

Staff, Association  1°®
Memo, Private Communication 1
¥o .-

Long dash — T8 —»
¥o

Initial— YO8
¥

1 word —X%%,. 204 wa. *ANDL_ 108 >
No ¥o

l Set ID

4 words Tes N N\
Yo

Punctuation
period, double space - »Jr. '
Yo Yes

No initials given No Yes

T ene——
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Author (continued)

-

D set /
Yes Yes lst field
L Ayl 2 words "
hn:{'l N lloL 3

form: Alan Aitken
to utk@n’ "

Initial
Yes No

lat name is
spelled out

next field
niti

Yes No

A

Invert
forms 4. Aitken
to utk.n, A

b ET
enter Author Table

PAPXR Category

- - II-23



II-2)

AT # ST PRl L 8 s S

<3
Paper .
Field begin or end
Yes >
*journal," *journl®
. l/
Maltiple Authors
Yos_ o
MA set 1
Mo Yos
“dnd Ist, 2nd word e
No
Yeos LN
l.t .]'.I
Xo
next field: Yos )
Special word ~/ vol-——3Save vol 3
issue —!-'L»Sm ismue ——m——>
Publ-T*%5.Save Pub —— 5
\
next field: ¥o
Boldn‘oo S
Yes P P - 5
N
\
[ Author Category |
[Enter Paper Table |
Journal
C
')



+
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Journal

Special wordss

Ibid, In, Paper
Mo L

This field or next field

Special words - vol:

issue
Publ.

Yes

numerfo (no dash)—YeL- A —>
- loi JEO /U J o

Enter this field in
Journal Table

.

L R
[Eater up to that word, mmber
in Journal Table

Enter previous field in
i Journal Table

Volume Category

Volume
Boldface Tes
Yo Yes
Special words - issue———lext field
No Publ
Vol.Y ¥, Yes
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Issue

GColon charas. —Y28.
No

Nuneid (no dash)—2

Specisl words - publisher

Tes next field
|

Seot¥on, chapt. eto.XoL
Nol

Page

Pes PPs Yes

S

No

o
Numerlc (not date) - TR

[Enter page table|

1
[Publisher Category |
Publisher
Format (a) Tes
No
City, first -X°
Yeos i
Save City 7
Author Cate

o

St o i e 50
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City
Noommerio ——IoE
No
[ Bnter City Table|
>| Yoar Category
Yoar
form:
Numeric 1952
'° January, 1952 Yes

Tlanuary 12, 1952
Change to form: 1952, Jamary, 12

[Bnter Year Table|
T

Any more 1?::0 left

No i (1]

i: Pgint s miscellaneous

Go to Main Program to process next reference

Also at beginning of each of the nine categories two tests are always mades

(1) Any datp in Save Tables for this ocategory
No Yeos

Process for this category

Clear” Save Table of this information

(2) Any IO!* information this rot*ronoo
Yes No

Go to Main Program to read in next
reference

Continue with
prooessing of Category
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ITI. THE USE OF TREE STRUCTURES FOR PROCESSING FILES
Edward H. Sussenguth, Jr.

ABSTRACT

In data processing problems, files are frequently used whick
must both be searched and altered. Binary search techniques are
officient for searching large files, but the associated file organi-
sation is not readily adapted to the file alterations. Conversely, a
chained file allooation permits efficient alteration but cannot be
searched efficiently. A file organised into a tree-like structure is
disoussed, and it is shown that such a file may both be searched and
altered with times proportional to s log' N, where N is the number of
file items and s is a parameter of the tree. It is also shown that
optimising the value of 8 leads to a search time which is only 254
slower than the binary search. The tree organisation employs two data
chains and may be considered to be a compromise between the organisation )
for the binary search and the chained file. The relation of the tree
organization to multidimensional indexing and to the trie structure is
also discussed. An example of an automatic dictionary for language
translation is used to illustrate the principles involved.

l. Introduction

In many data processing applications large files of information
sust be searched to extract some pertinent data and new data must be
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added to the file. There are many ways to perform these manipulations i
depending upon the structure of the file and the characteristics of the
ocomputer. When it is necessary to both search and alter the file, &
sorting procedure is frequently employed in conjunction with the search
teochnique to keep the file updated. Another attack is to avoid time-
consuming sorting by allocating the file in the computer memory 0 that
alteration is effiocient; the searching of such a file is usually difficult,
however. Several strategles for such problems are reviewed and azalysed
below. The body of the paper, however, is concermed with a methed of
allocating (and implicitly sorting) the items of a file so that the file
may both be searched and altered efficiently.

Before examining the details of the proposed techniques, a sample
preblen will be used to demonstrate the relative effigiency of the
procedurs when compared with other sorting and search methods. Specifically
it 1s desired to design an efficient system to produge.a ligting of all
distinet items from a given list of 11’.0...* Clearly this is a problem of
the type mentioned above in whish it is necessary to search and frequeatly
alter the constructed file. An example of this problem is the tabulation
of symbolic addresses and literals in assembly and oompiler programs.
Another illustration is the frequency counting of words in a text, a common
procedure in the information retrieval field.

Let M be the total number of items in the given list, and let N be
the number of distinot items im the list. If the main list is sorted and

4&1- problem is oonsidered in more detail inm Ref. 1.

-~
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the duplicate items identified and removed, approximately M log2 |
operations (i.e., comparisons and/or transfers) are required. (The
IBM Fortran Assembly Program (FAP) uses this system to form its symbol
table.2) Instesd of sorting, the main file may be exsmined item by item
and a file of distinct items constructed. If the constructed file is
maintained in some preassigned order (to reduce the time required to
test if a given item has occurred already), an approximate upper bound
on the number of operations is MN/3. (FAP uses this system to form its
table of literals.?) If the censtructed file is mot kept in order
(thereby increasing the search time, but decreasing the time required
to add an item to it), an approximate upper bound on the number of
operations is M (lc»g2 | %). Finally, if the tree structure proposed
below 1s used to construct the list of distinct items, the upper bound
is approximately %(I + ulog'l’)(log2 N) operations.

Thus, the tree procedure is significantly more efficieat whem
there are relatively few distinct items. For exaaple if there are 100
distinet items in a file of 1000 items, the nuaber of operations for
the four procedures are in the ratio (5:116:17:1}. Hence, if the tree
procedure is not too complex (#o that one tree "operation® is comparable
to & sorting "operation®), it merits consideration for that class of
problems involving files which are both searched and altered.

2+ Definitions

The underlying principle of most search techniques is to
partition the main file into several small subfiles and to select one



IIT-L

subfile for further scrutiny. As the partitioning and selectiom process
aay be illustrated and explained in terms of tree structures, it is
convenient to celleet all definitions of terms associated with trees.
Most of these definitiens have been adopted from Ivcu-oon.3 Several basioc
definitiens are illustrated im Fig. 1.

A graph comprises a set of modes and a set of unilateral asseci-
atiens specified between pairs of ncdes. If node 1 is associated with
node j, the asseolation is ocalled a branch from ipitial node i te terminal
aede J. A path is a sequense of branshes sush that the terainal sode of
each braneh coineides with the initial node ef the suseeeding branch.
Node § 1s resahable from mede i if there is a path from mode 1 te node j.
The .lbor‘o.‘. brmlu ia a path is the leagth of the path. A girouis is
a path in which the initial nmede coincides with the terainmal aode.

A 1209 10 a graph which eentains »e circuits and has at mest ene
bransh entering cach mede. 4 oot of a tree is a node which has no
branches extering it, and a leaf is a mode which has no branches leaving
it. 4 reet is said te lie en the first lavel of the tree, and a node
which 1ies at the ead of a path of lemgth j-1 from a rocfilontho v
ievel. The set of nodes which lie at the end of a path of length one
frem node x are said to be governed by node x and coaprise the nodes of
the gubtres rected at node x. A ghaip is a tree which has at most one
branch leaving each node.
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3. Binary and Serial Searches

If a file of N items is stored in a random acoess memory with
the items arranged so that their keys are in ascending order, a binary
search may be used to locate an item in a time approximately proportiemal
to 10(2 Ne The binary search begins by testing first the item which is
at the midpoint of the file. A comparison determines whether it is the
desired item and, if it is not, the comparison specifies in which half
of the file the desired item lies. This half is them biseoted and, if
determined. The bisection process contimues until the item is looated.

The bimary search procedure is convenieatly depicted by a tree
in which each node represents a file item. The node on the first tree
level corresponds to the item at the midpoint of the file; the twe items
on the second level cm:pond to the items at the ene-quarter and three-
quarter points of the file; etc. Except in the last one or twe levels,
two branches emanate from each node; which of these branches is follewed
is determined by the comparison of the desired item with the item associ-
ated with the node 1m question. Selecting one branch obviously eliminates
half ef the remaining candidate items.

Bxample: To clarify some of the principles introduced, an
exanple of an automatic dictionary will be used. The key for such a file
is an English word and the information value of the key is its equivalent
in a foreign language. JFor purposes of specific illustration the Euglish-
Gemmain section of *The New Gassell's German Dictionary"* is wsed.

N
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‘Figure 2 shows the memory map of a file of 38 English words
arranged in alphabetical order and stored in locations 301 to 338 of
a random access memory. The binary search for the word "wallah®
proceeds as follows: Comparison with the item "waist® at the midpoint
of the file indicates that "wallah" is in the lower half of the file
because "wallah® is below "waist® in the alphabetical order. The item
in the center of the lower half is “wallop;" comparison with it
indicates "wallah® is in the upper half of this subfile (i.e., in the
third qiuﬂ;oi- of the main fiio). Another 6oipar156n,' this time with
®"walk" indicates that "wallah" is in the lower half of the third
quarter. The fourth comparison then locates the desired item.

The tree representation of this binary search is shown im
Fig. 3.

The binary search requires that the items be arranged ia
increasing order in consecutive locations of a random access memory.
Although the expected search time for this arrangement (lon2 N) is
relatively small, the time to alter the file by adding (or deleting)
items is proportional to N because many items must be moved to make
room for the new item. The time to alter a file may be drastically
reduced by chaining the items together instead of storing thea ia
consecutive memory locations. With each item in the chained struoture
is stored the location of another item of the file. Thus, the addition
of a new item 1s simply scoomplished, because the chain may be broken
at any convenient point and thez relinked with the new item inserted.
The time to search such a file is, however, proportional to N (whether
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301 WABBLE = WACKELN

302 WAD = BUNDEL

303 WADDLE = WATSCHELN

304 WADE = WATEN

305 WAFIR = WAFFXL

306 WAFFLE = WAFFIL

307 VWAFT = FORTWEHEM

308 WAG = WEDELN

309 WAGE = LOSM

310 WAGER = W3TTE

311 WAGGERY = SPASS

312 WAGGLE = WACKELN

313 WAGON = LASTWAGEN

314 WAGTAIL = STELIB

315 WAIF = VERRAHRLOBTES XIND

316 WAIL = JAMMERN

317 VWAIN = WAQGEN

318 WAINSCOT = TAFELUNG
—%319 WAIST = TAILLR

320 WAIT = WARTRN

321  WAIVE = AUTGIBRN

322 WAKE = WACHEM

323 WALE = STRIEME

324 VALK = GEERN

325 WALL = MAURR

326 WALLABY = KLEINES XANGURUH

327 WALLAH = BURSCHB

328 WALLET = BRIEFTASCHEB

329 WALLOP = WUCHT

330 WALLOW = SICH WALZEN

331 WALWUT = WALWUSS

332 WALRUS = WALRGSS

333 WALTZ = WAIZXR

334 WAMPUM = NUSCHELGELD

335 WAN = BLEICH

336 WAND = RUTB

337 WANDER = WANDERN .

338 WANE = ABNERHMEN ‘-

A Listing of 38 Words with the Route of the Binary Search
for the Word "WALLAHW

Figure 2
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WABBLE
WAD
WADDLE
WADE
RWAFER WAFFLE
WAFT
WAG WAGE
AWAGER WAGSERY
WAGGLE ©
WAGO v
ral OWAGTAIL
o WAIF
OWAIL
WAIN OWAINSCOT
dwaisT WAIT
WAIVE .
\ WAKE
\

\ ' OWALE
\ PRUALK WALL
\\ / WALLABY .

\ /./ i
4
\ WALLAH O WALLET
WALLOP WALLOW
WALNUT
WALRUS v
O WALTZ
WAMPUM WaN
WAND v
WANDER O WANE

The Tree Which is Implied by & Binary Search of the File of Fig. 2
Figure 3
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or not the order is maintained), because only one other item is accessible

from any given item. Hence the search must proceed serially, item by item. ~-
The tree representation of this serial search ro?ucu to the trivial case

of a chain. Also trivial is the new subfile partitioned at each step; it is

merely the previous file less one item.

Example: Figure i is a represenmtation of that portion of random
acoess memory oontaining the file of the 38 words of Fig. 2 in a chained
allocation. The words are not arranged in any order with respect to the
memory locations, but the slphabetic order is maintained by the chaim.
To retrieve the word ®wallop," first the word “wabble® at the start of
the chain (its location 312 is prespecified) is tested. 4s it is not the
desired item, the next word of the chain, "wad," is tested; the location
of "wad,® 323, is given as part of the data of "wabble.® The chalning
link of the word "wad® indicates location 313 is to be tested next. Thus
the items along the chain are tested until the desired 1':;.- is found,
Figure 5 shows the tree representation of this serial search.

To add the word “waiter® to the chained allocation, the data for
®yaiter® is stored in an available location (339), the chain brokem after
Syait,” and the new item insperted. Thus after inserting "walter," losation
317 contains

WAIT = WARTEN 339
and location 339 contains

WAITER = KELLNER 323.
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301
302
303

305
306
307
308
309
310
311

313

315
316
a7
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

335
336
337
338

A Memory Map of the Chained Allocation

WADE | 316
| WALRUS 319
WAG 332
WAN
WAINSCOT 1%
WAGTATL _}ﬁh_
WAMPUM | 304 |
WALLOP 333
WALLET 308
WAGGLE 320
WANE *
WADDLE 301
| WATF 331
WALNUT 302
WAFER 320
WAIT 323
WAIST 317
WALTZ 307
WAFFLE 330
WALL 337
WAGGERY 310
WAIVE 326
WAGON 30
WANDER N
WAKE 33
VALK 321 |
WALLAH 309
[ WAND 325
WAFT 303
WAIL 334
WAGE 335
| WALLC 35
WAIN 30
WAGER 322
WALE 327
WALLABY 328
WAD 313

of the Words of Fig. 2

Figure L
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WABELE

WADDLE

WAFER

WANE

The Tree Implied by a Serial 8earch

Figure 5

To add "waiter" to the ordered listing (Fig. 2), however, requires
moving all words from "waive® to "wane® down one location in memory before
inserting "waiter® in its proper location at 321.

Summarizing, it is seen that the ordered arrangement with a binary
search is efficient for a file which is frequently searched and infrequently
altered, and ﬁo chained arrangement efficient for a file which is
frequently altered but infrequently searched. If it is necessary both to
search and to alter the file, neither arrangement is attractive and another
may be preferable.

The tree allocation, described in the following sections, is a com-
promise arrangement which utilizes the effective partitioning of the file
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found in the binary search and whioch chains items together for
simplieity of organisation and alteration. It will be shown that

the tree allooation may be both searched and altered with time
proportional to s log. N, where s is a parameter associsted with the
tree structure. It is useful both when the file is completely stored
in random access memory and whea the bulk of it is in a disc or drum

ROROTY .

4o The Tree mééafioi 7

In a tree allocation the partitioning of the file is acocomplished
by breaking the key into several disjoint parts. ZEach part or element of
the key is made to correspond to a level of the tree. The first tree
level lists &ll possible values of the first element of the key. With
each of these elements is associated a list of those second elements
which may be used in combination with that first element. A ocomplete
list of all possible second elements is not necessary for some of thes
will never be used.

Example: A natural way to break an English word into several
parts is to partition it into its component letters. Then the first
tree level will have 26 nodes, one for each letter of the alphabet.
With each letter is assooiated a list of letters which may be used
with it as the start of an English word. Thus with the letter "w® on
the first level is associated a list of the following letters om the
second level: a, o, h, 1, 0, r, and y. The letter "k, for example,
is not included in this list as no English word starts with the pair

wk."
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The two-level tree may partition the file into enough subfiles
so that any one of them may be conveniently searched serially. Then
with each second-level tree node, i.e., with each pair of elements, ias
associated the block of items governed by the partition implied by the
pair. However, if the number of elements in each subfile is still so
large that an efficlent search is not possible, the tree may be extended
to include more levels. In this case, a list of those key elements which
may be used with the pairs corresponding to the second-level nodes is
associsbed with each second-level tree node. Olearly the tree may be -
extended in this manner through as many levels as desired, and ome part of
the tree may oeontain more levels than some other part. By varying the
number of levels in different parts of the tree it is possible to make the
mumber of items in each subfile nearly uniform, if this is desired. Indeed
it is possible to extend the tree levels so that each subfile consists of
only one item. The remainder of this section describes a procedure by which the
number of levels and the subfile sises may be chosen so as to minimise the
expected search time.

Exsuple; There are about 14,000 English words listed in the
English-Gernan section of Cassell's diotionary. The partitieaing
iaposed by a one-level tree is shown in Fig. 6, where it is seen that
"y® governs 355 items. Partitioning on the first two letters breaks
the "w® portion of the file into the subfiles of the following sises
(see Fig. 7)s

wa 75 wvh 70 we 45

we 55 wi 78 wr 31
wy 2.
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A 155 N 270
B 715 0 355
c 1335 P 1170
D 815 Q 100
E 515 R 8Lo
F 680 8§ 1695
G 395 T 185
H k8o U 615
I 535 vV 200
J 100 w355
K 80 X 15
L  sko Y S0
M 675 p 30

Distribution of Initial Letters of a Sample of
114,000 English Words

Figure 6

The subfile associated with "wy" is certainly small enough to be
conveniently searched on an item-by-item basis. However, the other
subfiles associated with "w" would require an item-by-item search which
is considerably longer and perhaps should be partitioned on the third
letter. Figure 8 shows part of a four-level tree for this file.

The search for a given item in a tree allocation is conducted
by scanning the set of nodes on the first level until the element which
matches the first element of the key is located. Then one proceeds to
the set of elements associated with that node on the next level; that
is, to the filial set of that node. This set is scanned until the second

key element is matched. Its filial set is located and scanned similarly.
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S8econd
letter
Third
letter A E H I 0 R Y
* l
A 13 I 1 7
B 1 1 1
c L 1
D 3 N N
7 15 1 1 8
F 3 1 1
@ 9 3 1
H
I 7 3 37 9
J
) ¢ 2
L 11 12 13 5
M 1 1 L
N 7 I 18 5
o 13 7 b
P 1 1 1 1l
Q
R 16 3 1 13
8 5 1 7
T L 2 19 1
U 3 1
v 1l 1 3 1l l
w 1l
X 2
b 4 1 1 1 2
Z 2
Totals 75 55 70 78 L5 3 2
Number of .
entries 16 15 5 1 1 6 2-

Distribution of Second and Third Letters When Initial letter is W

Figure 7
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This process continues, building a path through the tree to the final

block of key elements. This block is just the filial set of the last o
node of the path; it differs from the other filial sets in two ways. |
Pirst, it has associated with each of its nodes, not one element of the

key, but all of the elements of the key mot already asseciated with the

nodes of the path leading to it. Second, eacsh of the modes of the final

£i14al set does not have a filial set of its own, but rather indicates the

informatien valus of the key whioh the node represents. 7

. _There are several ways in which s nede may be joined to its
£ilial set and the nodes withia a filial set may be kept together. 4

very convenieat technique is to chain cach node to its filial set and te

obain the nodes within each filial set together. This arrangement is

called a doubly-ohained troo.* Using this method, each tree mode is

represented by one computer werd. The coaputer word 1s divided inte three

fields: the first indicates the key elemext value of the node, the second

oontains the address of another node in the filial set of which the givea

node is a member, and the third contains the address (of the first mede)

of its f£ilial m.* (See Fig. 9.)

TIverson’ desoribes a similar arrangement called s filial-heir chaia
representatien. Johnsond also discusses this arrangement. The tree
is also closely related to list structures.

'A singly~chained tree is alsc possible. The nodes of a filial set
are stored in oconsesutive memory loocations, instead of being chained
together. Then each computer word contains a value field and only ome
address field.

Rt
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a Doubly-Chained Tree

Schematic Representation of



III-20

Example: Figure 10 shows the actual contents of memory for the
doubly-chained allocation of the tree in Fig. 8.

The filial set is scanned by following the chain of addresses in
the second field of the computer word and comparing the given key element
with the key element values of the nodes of the filial set. When a match
is found, the next tree level ia reached by brenching to the address given
in the third field. Thus if there are s nodes in the filial set, the
expected nusber of chaining links required to find a match s 3(s + 1):

' one Iink to Teach the f111al set and 3(s - 1) to search it.”

It is easy to add an item to the doubly-chained tree allocation.
The tree ie entered assuming the item i1s in the file, and the path for the
key found. At some point & key element will not be found in an existing
f£ilial set. This new key element is then added to that filial set by
breaking and relinking the filial set chain. The double chaining feature
permits the use of any available memory locations for the new tree nodes.
Moreover, this feature allows an item to be added to the file in roughly
the same time that is required to locate an item.%

In many applications the file is so large that it will not fit
into fast random access memory but is stored on slower media such as discs

" It 1s assumed all nodes in the filial set have the same probability of
being selected. If the probabilities differ, the nodes should be tested
in order of decreasing probability for greatest efficiency. An easy way
to do this is to arrange the nodes in the order of the number of items
they govern.

*In a singly-chained tree the new tree nodes must be added at a location

adjoining the locations reserved for their filial set. To do this may
entail relocating the entire filial set.



&9

=

101
102
103

122
123

& &

438
439
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A 102 128,
B 103 22
C 104 2%
vV 123 428
w 124 435
X 125 43
A 43  803]
B 437 81
B 438 8%
1 439 839
0 440 853
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Y - 873
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BLE = WACKELN

= BUNDEL

DLE = WATSCHELN

B = WATEN

ER = WAFFEL

FLE = WAFTEL

T = PORTWEHEN

B = LOHN

= WIR

K = SCHWAGCH

L = WOHL

LTH = REICHTUM

PON = WAFFR

R = TRAGEN

VR = VBN

= HETRATEN

XN = FLIBGENDER DRACHR

The Storage Map of the Tree of Fig. 8

Figure 10

by B R v o en

i o 152
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or drums. A file stored on a disc or drum is physically subdivided by
the tracks of the disc or drum into subfiles, one subfile per track.

In this case the tree structure may be thought of as a transformation
from the key to the track address of its associated data. The subfile
corresponding to this track may then be scanned for the desired item on
an item-by-item basis or transferred to the raniom access memory for

soanning by the binary search.
5. Minimisstion of the Expected Search Time

Assuming the search time is proportional to the number of
chaining links traversed, the expected search time may be caloulated if
all of the filial set sizses are lknown. However, it is inoonvenient to

use the set of all filial set sises in maorosoopic caloulation. For

computational purposes an average filial set sise for each tree level is
defined as:

number of nodes on level 1
8; ® Zumber of f111al sets on level i’ (1)

Singce the average time to search a fillal set on the ith level ig
%(li + 1), the expected time to search an h-level tree is

3 ft (s + 1) (2)
i=
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Thus the expected search time, T, for a file of ¥ items allocated as
an h-level tree with blocks of aversge sise B is

h
T2d) (o000, (3)
i=1
where t(B) is the expeoted time to search one block.
Bquation (3) gives the expected search time in terms of the
parameters 8 h, and B. Mso paransters are related by the expression

Bnlial, (4)

i=l

because T![li represents the number of nodes on the hth lcnl,* which
i=1

is just equal to the number of blocks. Frequently when designing an
sllocation and search system for a partiocular file the user is free to
vary one or more of s, h, or B under the constraint of Nquatien (4)
to achieve an efficient system. Several such situations are discussed
belew.

CASR A: In many data processing problems the file fits within the

random access memory, and the data processing requirements are such

that the key elements may be manipulated at will as long as the proper
response is received from a given query. The keys may then be oconsidered
to oconsist of a single string of binary digits rather than several disjoint
elements each of which consists of several binary digits. PFor example, the

M. assumes there are no leaves on levels 1,2,...,h-1.
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key ®"CAT" is oonsidered as the binary string *010011010001110011* rather
than the set of distinot elements *C," ®"A," and *T,* or equivalently, the
distinot elements *010011,* ®(10001," and *110011.* With keys of this
format, the binary digits may be grouped to give the most efficient search
system; that is the s,, b, and B may be selected without oonstraint (other
than (4)) to minimise ¥. It is shown in the appendix that the minimum %
is achieved when:

(1) all paths from a root to a leaf have the same length, h;

(2) cll filiﬁ ntn han‘tho ”‘r‘-;n@r‘»r oﬁf no-borz‘-n; l, that
1-.1= 8, 3 cco 2 8, =8

(3) the number of elements in a block, B, is the same as the
common filial set sise, that is B = s; and

(4) the common filial set sise s is th'l.

The results (1) through (4) fix B as equal to s but related s,
b, and N only by the relation s™*l = N, so that either s or h may be
selected arbitrarily. Another analysis, also in the appendix, shows
thet the s, which satisfies this constraint and also minimises ¥, 1s

3.6 nodes per filial set.

CASR B: Another class of data processing problems has characteristiocs
similar to those of Case A, except that the file is too large to fit
within the random access memory and 1s stored instead on a drum .or dise
memory. Here the block size B is normally determined by the number of
items, T, which can be accommodated by one track, and not by oconsiderations
which minimize the over-all search times For these cases the tree acts as
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s transformation from the set. of keys to the set of track addresses,
and T may be minimized by varying the s, and h. It is shown in the
Appendix that when B is fixed at T the minimum T is achieved when

(1) all paths from a root to a leaf have length h;

(2) all filial sets have the same number of members, s; and
/h

(3) the common filial set size s is (%) .

As in Case A, absolute values for s and h are not fixed by these results,

and it can be shown that the optimum s is also 3.6 nodes per set.

CASE C: For some applications it may be inconvenient or unnatural te
consider the keys as single strings of binary digits; rather the keys
sust be congidered to consist of several distinct elements. If the
number of elements per key is a constant, h, for all items of the file,
or if it is desirable to form a tree using b levels, the analyses of
Cases A and B apply, assuming h to be fixed rather than variable. Thus,
the minimum search time is achieved when the filial set sises are all
oqual to the optimum value of either '1/h+l or (g)]’/h, ascoording as
the file fits within random access memory or the file is stored on a
disc memory.

The optimum tree allocation for these three cases requires that
all paths within a tree be of the same length. Frequently, however, it
is profitable to vary the path lengths within the tree, stopping the
branching in each path at some optimum path length. For the case when
the main storage is a disc, the proper path lengths are easily determined
because each leaf must govern T item. Thms, if a partiocular node governs T



II1-26

or fewer items, the branching along that particular path may be stopped.
If, however, the node governs more than T items, the branching must be
ocontimmed for at least one more level,

If the file fits within the random access memory, the optimum
path length determination is based on the number of items, g, which a
partiocular node governs and the number of nodes, s, in its filial set.
A detailed analysis of this optimisation is presezted in the appendix;
the main result is that in most cases the optilnl lonﬂh of a poth il
achicnd 'hon thn brmohiu il dilcont:l.mod at the first nodo whieh |
goveras fewer than six items.

In Cases A and B in which it was possible to manipulate the keys
to deteraine a minimum expected search time, it was found that the
minisum was achieved when all filial sets had the same number of members,
s, and the optimum s was 3.6. Substituting into Equation (3) it can be
shown that (see Appendix)

T=872 10,4 (5)

where M is either N or ; acoording as the file is atored in the random
acoess memory or on & disc memory. Letting s take on its optimum value
of 3.6, one finds

T =23 1o¢3.6'| = 124 log, K. (6)
That is, the expected search time in the optimum case is only 24% slewer

than the binary search time. Moreover, as was indicated in the previous
sectien, the time to add or delete an item to the file is approximately the
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sane as the search time, a considerable improvement over the file
allocated for binary searching.
It is not always necessary to manipulate the keys so that

the oonstructed elements are completely different from the natural
elements, although in general any natural partitioning of the keys
(e.gs, partitioning English words into their component letters) will
not lead to filial sets of the optimum sise. If the siges, 8, are

cllor th&n thc optim, tIo or more tree levels may be combined to
a single lml with more nodu per tilinl ut by oonlidoring tvo or V
more key elements to be a single element. Conversely, if an s, is much
larger than the optimum, one tree level may be aplit into several
levels by factoring the corresponding key element. The simplest way
to accemplish the fagtorization is to take the binary representation
of the element in several pieces of a few bits each, e.g., consider a
six-bit element as two pieces of three bits each or three pieces of
two bits. Feactoring in this way should make the filial sets
relatively constant in sise,not only from level to level,but also
within the same level.

Exanple: Figure 11 shows a tree in which two levels have been
oonbined into a single level by considering the second and third
letters to be a single key element.

-Figure 12 shows how one level may be split into two levels by
factoring the binary representation of the key elements.

The efficient search time of the tree structure noted above is
achieved by using a relatively small filigl set sise. Small filial sets
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OR

The Second and Third Levels of the Upper Tree are Combined
into a Single Level of the Lower Tree

Figure 11



C Ol
0 100

010,
. C/ |0|
O (W ]e]
C 1
0 Ol
100 O 100
w f I O {01
O R

L¢]]
-0— 00|
0 ol0

110
C 0 o] |
" C 101
o= 00|

The Third Level of the Upper Tree is Split into
Two Levels of the Lower Tree

Figure 12

I11-29



N S

I1I-30

in turn imply relatively larger amounts of random access storage locations
to accommodate the tree. 8pecifically, the total mumber of nodes in a
tree of h levels, assuming there are leaves only on the hth level, is

w-Zﬂ-i. (M

If it 1s assumed that s, are all equal, ol - N, and (7) becomes

h
w-'Z-'j--"hﬂ”l-v"n‘ e
s-1 s-1"
J=1 '

Equation (8) shows that as s increases, the number of storage locations
required decreases. ‘

Thus an efficient search time is achieved with relatively mmall s,
but fewer storage locations are needed with relatively large s. To achieve
s balmnce between thess conflicting criteris, the me-aun of efficiency may
be taken to be the product of search time and storage capacity. This
measure is directly related to the cost of the system for it reflects both
the amount of equipment and the length of time the equipment is in use.
Using (5) and (8) one finds that the cost C is

¢ = X2 (- 1), (9)
The cost C achieves its minimum value when s = 5.3.
The curves plotted in Figs. 13, 1k, and 15 show, respectively,

the expected search time as a function of s (Case A or B), the cost

as a funotion of s (Case A or B), and the search time as a function of »
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and g (Case C). All curves are normalised so that the minimum values
are unity. In each case there is a shallow minimum, indicating that
it 1s not too. expensive in terms of time or cost if the aversge filial
set sise varies from the optimun value. Thus, for example, a speed
decrease of less than 20% frem optimum is observed if the actual filial
set sise is between 2 and 8 nodes, and, similarly the cost inoreases
less than 20% from optimum if the actual size is between 3 and 12.

In summary, therefore, if it is possible either to seleot or
to manipulate the sises of the filial sets, they should be chosen to
be in the range of 4 to 8 nodes per set for most efficient operation.
In this case each path from root to item will have the same length.

If it is not possible to choose the filial set size, the most efficient
operation will be achieved when the path lengths vary, and the optimum
path length is determined by terminating the path at any node which

governs six or fewer items.

6. Multidimensional Indexing, Tries, and Trees

Multidimensional indexing toohniquu6 provide a means for
pertitioning a file into subfiles which is simpler than the tree
structure and also permits more rapid entry to a subfile than the
treec. An h-dimensional indexing arrangement is essentially an h-
dimensional array of addresses. BRlement (1112,...,1h) of the array
indicates the address of the subflle composed of those items whose
first h key elemsnts are key element 11, key element 12,..., key
element 1h' Such an array requires By X By X ceex By computer words
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of storage (where n.1 is the mumber of elements in the jth key position).
In most data processing applications, many of the entries are not used
and, hence, are wasted. Moreover the sise of the subfiles is not uniform,
thereby inoreasing the expected search time.

An h-dimensional array may be loosely thought of as an h-level
tree with the jth dimension corresponding to the jth tree level. Thus,
the h-dimensional indexing techniques is roughly equivalent to an h-level
tree. In this tree each node possesses a complete fillal set; that is,
to assuming that each key element may be followed by every key element of
the next level, no elision taking place because of nomoccurrence of element

m'o See ’1‘. 17.

Exenples A three-dimensional indexing technique for the English
dictionary requires 26 x 27 x 27 = 18,95, locations. The sise of the
subfiles varies greatly: empty for many letter triples; ome item for
"gja,® 113 for %int.* The equivalent tree has 26 nodes om the first
level and 27 nodes in every filial set of the tree. Thus nodes sch as
"q* (which needs only one node in its sib set) and “wk" and "wsq"

(wvhich need no filial sets) all have filial sets of 27 elements.

An obvious modification to this tree structure is to eliminate
the filial sets which are never used. That is, if one or more nodes of
a filial set are used as parts of items, that complete filial set is
retained in the tree; if none of the nodes are used, that filial set ig
removed. See Fig. 17. Notice that there still are nodes remaining in
the tree which are never used; if these nodes are also removed, the
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Comparison of a Multidimensional Indexing Tree,

a Trie, and a Tree

Figure 17
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struoture reduces to the tree disoussed in the preceding parts of this
paper. See Fig. 17. In some cases, however, the retention of these -
unused nodes is useful, because all filial sets in the tree are complete
and may be conveniently entered by simple indexing, eliminsting the
node-by-node scanning of the set required for incomplete filial sets.

This modification which removes umised filial sets is essentially
the tree organisation described by Frediin' and dubbed a trie (retrieval).
The University of California st Borl:o.‘l.oy8 uses a trie (although they do
not call it & trie, or even s tree) for their language translation
diotionary of 20,000 words.

The representation of a trie in a computer is similar to that of
a tree. As before, one computer word is made to correspond to one tree
node, and the nodes of one filial set are represented by continguous
oomputer words. The computer word need ocontain only ome field, the
chaining address to link the node to (the first word of) its filial set.
The key element value of the node need not be stored as its value is
implicit in the position of the node within the filial set.

Example: Pigure 18 shows the four-level trie whioh corresponds
to the tree of Fig. 8. Note the filial set of the node "w* contains the
oomplete alphabet, but oni,y the nodes "wa,® "we," "wh,® etc. have filial
sets themselves. These filial sets alsc contain the complete alphabet.
Figure 19 shows the memory map for the trie of Fig. 18.

Retrieval from a trie structure requires essentially only one
indexing manipulation for each level of the trie; thus the expected
search time is proportional only to the average path length, h, rather
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than 'g(l + 1) as in the tree structure. This speed advantage 1s
compensated for by requiring more storage locations, however. To
estimate the number of locations, let n be the (average) number of
elements possible in each key element position and s be the (average)
number of elements utilised in each position. The trie requires n nodes
on the first level and n nodes in each filial set of every other level.
On the average, s of the nodes in each filial set will have filial

gots themselves. Thus, the total number of nodes in the trie is:

u

n+ sn+ ’2n+'°'+‘h-1n=n.a:i' (10)

A comparison of Bquation (8) with (10) shows that the storage requirements
of the tree and the trie are in the ratio a/n.f

(l/n)h may be oonsidered to be the density of key words which
actually occur in usage in the set of all possible key words. For most
practical data processing applications (e.g., automatic dictionary,
personnel, file, inventory records, stc.) it does not seem that the

dengity is very high.

Example: For the dictionary n = 26 for the first level and
n = 27 for all other levels. s = 26 for the first level, also.
Vowels on the firsi. level have filial sets with s near 26, consonants
have 3 about 8 or 10; thus an average s for the second level is about
15. PFor the third level, it appears that s is about 10, and for

Kinoo the trie requires a shorter word length than the tree (one
address field vs. two (possibly one) address fields and one value
field), the ratio 2a/n might be more appropriate.
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subsequent levels s appears to be less than 5. (Detailed analysis of
these data has not been made.) Thus s/n for the dictionary considered
is about 1/2 considering the first four or five levels.

If s/n is near unity, the trie organization is preferable to
the tree as its search is much faster and its representation requires
about the same storage space. In this case, however, the total number
of storage locations required is greater than nhz h~dimensional indexing
requires nh locations and its expected search time is less than that of

" the trie. Thus if s e n, it appears that a multidimensicnal-indexing

organization is preferred to either a tree or a trie.

If s 1s significantly less than n, the speed advantage of the
trie is more than campensated for by the excess storage requirement,
unless the random access memory can accommodate this excess. If s is
quite small, it was suggested that two or more levels be combined to
yield an 8 closer to the optimum value. Such a technique would be
disastrous with the trie organization because the number of possible
key elements in such a combination grows very rapidly (e.g., n2 for two
levels), reducing the over-all density enormously.

Thus the trie may be considered to be an organization intermediate
to the tree and to multidimensional indexing, and it may be considered
to be a special case of each. If the density is almost unity, the multi-
dimensional indexing techniques are superior; if the density is far from
unity, the tree organization is superior; samewhere in between the trie

may be used advantageously.
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7. Summary

The tree organisation of the keys of a large file has been
reviewed. Such a structure was found to be useful either when the
entire file is stored within a random access memory or when the bulk
of the file is held on a disc or drum memory.

The most important characteristic of the tree organisation is
that it can be both searched and altered efficiently. The expected
branch snd edd-itea tises were shown to be proportional to s log, n,
where 8 is the average nn.i set sise and n is either the number of
items in the file for random acoess memories or the number of tracks
for a disc memory. The optimum s was found to be between 3 and 8,
and, using the optimum s, the expected search time was caloulated to
be only 254 slower than the binary search.
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APPENDIX

DERIVATION OF THE RESULTS FOR THE OPTINUM EXPECTED
SEARCH TIME

Bquation (1) gives the definition of the average filial set sise

for tree level i. 8ince the number of filial sets on level i is just

the mamber of nonleaf nodes on level 1 - 1, an equivalent definitioa,

SO
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swhich is sometimes more convenlient is

number of nodes on level i

1 " number of nonleaf nodes on level 1 - 1 (a)

(and 5 - number of nodes on level 1).
For Case A it is assumed that the blocks are searched on an

item-by-item basis so that t(B) = %-(B +1). Thus Equation (3) becomes

t=

noJ-

[

From the symmetry of Equation (A2) in 858,500 058 it is clear

h
UREES AT
=]

that the expected search time is independent of the order in which the
levels are taken and that the minimum search time is achieved when the
s, are all equal. The latter assertion is proved by setting the
derivative of (A2) with respect to 8, equal to zero. This ylelds

h’
5 ﬂ s, = N. (A3)
i=l
By letting k = 1,2,...,h one finds
2 2 2
818,008, = 818,...8, = ... " 8:8,...8 = N
8o that

8 =8, = ...=8 = Nl/h‘l. (AL)

This means that the time spent searching the block at the end of the

tree should be the same as the time spent searching a filial set.
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That is, the blook sise should be N 2*}, go that the entire structure
may be viewed as a tree of h ¢+ 1 levels. Setting

L=he+1l (a%)
(A2) and (A4) becomes
T=+1) (a6)
and
/L

s= N . (‘7)

" If the f1le is stored on a drus or dise as in Case B and not in
randon access memory, the block sise, B, is normally determined by the
mmber of items, T, which can be accommodated by one track and mot by
oonsiderations which minimise the over-all search time. The tree acts
as the transformation between the set of keys and the set of track
addresses.

In this case B = T, and the tree has h levels, where h 1is the
largest k whioch satisfies:

i=1
Since B is fixed by an external constraint, it is safe to assume
T(B) is also fixed, so that the problem of minimising the over-all
oxpoctod search time is reduced to choosing the s, %0 that

b
%Z (s, + 1) (49)
il

is minimised, subject to constraint (A8).
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Adgain it is clear that the minimum is achieved when
.la .28 tee B lh= [ 1)

Then
T3+ ) (a20)

/h
) . (a11)

N
8= (-T-
uations (A10) and (A11) have exactly the same form as (A6) and
(A7). From either pair one obtains

+ 1
T= 8= log, N, (412)
It is possible to determine a nmumerical value for the optimum
filial set size from either pair of equations. Minimising

T=80s+1) (a13)

subject to the constraint
0= h, (a4)
leads to the requirement that
s+l=slns

which has a solution at s = 3.6. Figure 13 displays (A13) subjeot to
(Al4) normalised to T opt = 1.

In Case C when the file fits within random access memory, the
optimun path lengths are determined by the following argument.
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A path leading to a block of items is considered to have its
optimum length if the expected search time for items in the block is
increased when the path length is changed. To determine the optimum
length for a path, assume a node x of the tree governs g items and
has s nodes in its filial set. Then the nodes of the filial set each
govern an average of 5 items. If the branching is discontinued at node

x, the expected search time from x is
L, = l( 1) (A15)
q " 2'8 ¢ ‘

1f, however, the branching is continued for one more level, the expected

search time from x is
tc-%(s¢§)¢1. (AL6)

Thus, the expected search time from x will decrease if the branching is

continued when td > f‘c'

t >tcwhon

d
l2¢(1-g)303<0. (A17)

The zeros of (Al9) are at

2
.s-lg‘& -6g+1 (A18)

Thus if g2 = 6g +1 >0, there i3 a range of (real) s for which adding one

71292

more level does decrease the expected search time. Conversely, if
52 - 6g + 1 <0, there is no such value. The zeros of 32 - 6g ¢«1 are
at 32 2/2.
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Therefore, the expected search time will be decreased if
branching is continued from any node which has
gx 6 (419)
and
6,809 (420)

Figure 15 displays (A17). For any node with its (g,s) lying
in the ple-shaped region to the right of the solid curve of Pig. 15,
{419) and {420) are satisfied; that is, the search time can be
decreased by continuing the branching from that node. The dashed
ourves indicate the relative improvement in the search time between the

cases of continuing and discontinuing the branching from the node.

Example: See Figs. 6, 7, and 16. Conditions (A19) and (A20)
are certainly satisfied for all nodes on the first level of the tree
for Cassell's Dictionary. They are also satisfied for all the nodes on
the second level of the “w" subtree except the "wy® branch; the "wy"
node should not branch but indicate the location of the list "wychelm,"
"wyvern." Similarly (A19) and (A20) are satisfied for nodes “wre" and
"wri," but not for the other nodes of the sib set of *wr"; node "wra®
satisfies (A19) but not (420), the others do not satisfy (A20).

Notice that the argument leading to (Al19) and (420) involves
adding one level at a time. In rare cases it might be advisable to add
& level which increases the expected search time if subsequently another
level is added which decreases the over-all time.

SO
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Exaaple: The first level node "q* of the tree of English words
has &8 = 1. Hence adding the second level, to form "qu," increases the
search time. However, adding a third level (s = 4: "qua," “que," “qui,"
and "quo™) substantially decreases the search time.

P e ————
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IV. AN INTERPRETIVE PROORAM FOR CORRELATING LOGICAL MATRICES

Michael Lesk

Several experiments in automatic content analysis have been
conducted in which properties of a document collection were conveniently
expressed by logical matrices. For example, a subject index may be

represented by a matr:l.x in vhich each row correaponda to an index torm,

wand each eolumn to a document. 'me documnta auociatad with uch term

are then indicated by 1's in the proper colums. Bibliographic citations
may also be represented in this form; specifically, logical matrices were
used recently to compute an index of relations between citations and
document eontont.l The present report describes a computer program
designed to manipulate logical matrices in accordance with the specifi-
cations outlined in ref. 1. The following operations are needed: matrix
transposition, Boolsan multiplication, and correlation of logical matrices.
Two types of correlations may be produced: row correlations, which
compare rows of the same matrix, and cross correlations, which compare
two different matrices.?
The program is written for the IBM 7090 computer, which has binary
logic instructions permitting efficient storage and processing of matrices.
The number and size of the logical metrices to be processed is limited
only by the space available in 7090 core (there is a normal limit of 25
matrices, but this oan be raised easily as described in the appendix).

Numerical matrices of rov correlations may not be placed in core storage,
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but are written on intermediate tapes. lLogical matrices are referred to
at all times by their names, consisting of any five BCD characters (except
five blanks). Each matrix is assigned a unique name when it is read into
storage or generated by the program.

The input cards to the program consist of instructions and (where
needed) descriptions of matrices. The instruction cards include a pseudo-

operation code beginning in card column 1, extending as far as necessary,

- and terminating with-a blenk column. fhe names of any matrices ortapes to- - -

be used in the instructions are written following this blank column.

Operation codes recognized by the program include the following:

ASIMLOGIN NAMEl - Asymmetric logical matrix input. This instruction
causes the program t0 generate a matrix, named NAMEl, as specified by the
cards following the operation card. "Asymmetric" implies that the rows
and columns are not referred to by the same names, and has nothing to do
with the symmetry properties of the matrix elemsnts. Immsdiately after the
ASTMLOGIN card a list of the names of every row of the matrix, called the
"row identifiers," follows. Bach name consists of five characters (not all
blank) and is followed by a blank. This permits twelve identifiers to be
punched in one card, colums 1-72. As many cards as needed are used, the
end of the list being signaled by six consecutive blank columns (on a new
card, if need be). The next set of cards after this sentinel contains the
"column identifier" list in precisely the same format (with the same ending
sentinel), but specifying the names of the columns rather than the rows.

The cards which describe the actual matrix follow the column identifier list.
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Bach elemsnt of the matrix is specified by its row and column identifiers.
The cards describing the matrix have blanks in columns 1-6, a row identifier
in oolu\\p- 7-11, and a list of column identifiers (with a single blank
column after each identifier) in c&lum- 13-72. The progranm assigns a
valus of 1 to the matrix element specified by the row identifier and each
column identifier on that card. Up to ten elements may be specified on

one card. If a row has less than eleven 1l's in it, it is described by a

" single card with the row identifier in colums 7-11, followed by the

colum identifisr for each column in that row at which there is an element
with the value one. A row with more than ten 1l's in it will require more
cards to specify it; a row identifier may occur on any number of cards.
If a row has no 1's at all, no card is needed for that row. The order of
the column identifiers on a card, or of the cards that specify the matrix,
is immaterial, but all matrix specificstion cards must follow all cards
giving the identifier lists. The end of the specification cards is marked
by & card containing something other than six blanks in the first six
colums (this card will be the next pseudo-operation). A card in the
matrix specification section with a row identifier not given in the list
of row identifiers which preceded the matrix specification will cause an
error notation on the output copy. 4side from this notation, such a card
will be ignored. If a card contains a column identifier that was not given
in the column identifier lists, an error notation will be made and that
identifier ignored. The program will try to interpret the remainder of the
card, however. Within the lists of row and column identifiers, each
identifier must be given only once. If any identifier is repeated in an
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identifier list, the program will detect the second ocourrence, make an
error notation, and ignore the repetition.

SYMLOGIN NAMEl - Symmetric logical matrix input. This pseudo-
operation reads in a matrix whose rows and columms have the same names.
Only one identifier 1list, which serves for both rows and colums, is given;
otherwise, the operation is identical with ASYMLOGIN,
* LOGWRITE NAMEL T - Write logical matrix on tape. There are two
intermediate tapes, denoted P and Q. To write a logical matrix on one of theam,
this instruction is used with either the character P or the character Q re-

placing T in the instruction., NAMEL is written on the tape as a two record
file.

LOGREAD T NAME]l - Read logical matrix from taps. A matrix written
by a LOGWRITE instruction is read from tape (again, T must be either P or
Q), and named NAMEl. If a matrix written by a LOGWRITE is not in position
on the specified taps, there will be an error printout, and the operation
will not be executed. NAMEl may be omitted from the instruction; if no name
is given, the matrix will retain the name it had when it was written on the
tapo;

FREE NAMEl NAME2 NAME3 ... - Free storage areas used by NAMEL, eto.
(operation terminates when six blank columns are encountered on the instruction
card). This card tells the program that the storage being occupied by NAMEL ,
etc. is now available for use by other matrices., No further references may
be made to NAMEL, etc. An alternative method of freeing a matrix is to
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insert an F after its name in any pseudo-operation that refers to the
matrix. This causes the mitrix to be freed after the pseudo-operation
is performsd. Thus, LOGWRITE NAMELF P is equivalent to LOGWRITE NAMEL P
followed by FREE NAMEl; either will cause NAMBl to be written on tape P,
and then freed so that the core storage it occupied becomes available for
further operations. To decide when matrices muat be freed, the following

_formula is useds let R be the number of rows of a matrix, C the number

of columns, and let N equal C/36 (add one if any remainder). Then the
number of words of core occupied by the matrix is 6 + C + R(N + 1),
®R/36 + C + R is a good approximation. Whenever the total space used
by matrices would exceed 29,000 locations, matrices must be freed or an

error printout will result.

TRANSPOSE NAME1 NAME2 - Transpose logical matrix. NAMEl is trans-
posed and the result called NAME2, Note that during the execution of this
instruction, the storage space required is equal to twice that for NAMEL
plus the storage for NAMB2. If the instruction is of the form TRANSPOSE
NAMELF NAME2, however, the space needed is only that for NAMEL and NAME2.

MULT NAMEL NAME2 NAME3 - Multiply logical matrices (Boolean
multiply). Matrix NAME3 is defined as follows: its row identifier list
is the row identifier list of NAMEl, its column identifier list 1_‘a the
column identifier list of NAMB2, and its elemsnts are defined by normal
multiplication of matrices, with "multiply" ropln'bod by "logical /lnd" and
"add" replaced by "logical or" throughout the definition of matrix
maltiplication. That is, if we call A the matrix named NAMEL, B the
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matrix NAME2, and C the product matrix NAME3, then 9_3' =1 if and only if
there exists @ k such that Al and g‘; are both 1. The column identifier
list of NAMEL must be the same as the row identifier list of NAME2 for this

pseudo-operation.

MULTX NAME1 NAME2 NAME3 - Boolean matrix multiplication by transpose.
NAME3 is defined to have the row identifier list of NAMEl, a column identifier
list which is the same as the row identifier list of NAME2; element g% S T
if and only if there is a k such that AL and gg are both 1. Thus NAME3 is
the product of NAMElL by the transpose of NAME2, It should be noted that
MULT is performed by executing a TRANSPOSE followed by a MULTX, so that
MULTX is faster than MULT. |

ROWTAPE NAME1 T - Row correlate NAMEl, write the results on the
output taps and on T. Row correlations are comparisons between rows of a
matrix. The correlation factor, r, between rows 51 and g-’ of a matrix I,
is defined |

Vi@t o,

where matrix X has m rows. ROWTAFE computes the correlation for each pair

’

of rows in NAMElL (unless a SELECT pseudo-operation has besn executed; see
that operation), and writes these correlations on the output taps and the
taps specified by T (either P or Q). The output appears in a triple column
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format with 56 lines per page. Each output item consists of two row
identifiers and the correlation factor, thus:

ROWL3 ROWLY .L937.
The number of 1l's in each row of the matrix is also written on the output

tape and is called the row sum.

ROWTAPESUPP NAMEL T - Row correlate, write on intermediate tape.

This operation is the same as ROWTAPE exoept that-the row correlstions -

are not written on the output tape. The row sums are written on tho

output tape as before, however.

ROWPRINT NAMEL - Row correlate, print (off-line). Same operation
as ROWTAFPE, except that nothing is written on an intermediate tape.

LOGCROSS NAMElL NAME2 - Cross correlate NAMEL, NAME2. Cross
correlations are a measure of similarity between sets of row correlations
derived from two distinct logical matrices. For every row in a logical
matrix we can form a set of row correlations of the row; this set is a
vector RY, vhere the elements g_:i, are the row correlations of row i with
row J. If two matrices have the same row identifier lists, we may define
& corresponding §1 for the same row in the other matrix. Now, the cross

correlation between row i in these two matrices is defined as
). mist
k
L = 5
2 i
®)° . ) (s
\/Zk . Lk




Iv-8

LOGCROSS computes these cross correlations from the logical matrices by
first computing the row correlations for a row in each matrix, and then the
cross correlation for this row. The row correlations, although computed as
intermediate data, are not available as output. 4n Yover-all" cross
correlation is also produced; this is the gquotient

L, L S

k
 VLLe oy

LOGCROSS writes on the output tape the row sums of each matrix, the cross

corrélation for each row, and the over-all cross correlation.

TA?ECROSS - Cross correlate two matrices on taps. If there is a
numerical matrix of row correlations on taps P, and another on tape Q
(written by ROWTAFE and ROWTAPESUPP operations), and both matrices have the
same row identifiers, TAPECROSS will compute the cross correlations for each
row and the over-all cross correlations, and write them on the output tape.
If tapes P and Q do not both contain numericai matrices with the same row

identifiers, error printouts result.

SELECT NAMEL - Selects row identifiers. If two matrices have different
row identifier 1lists, they cannot be processed directly by LOGCROSS and
TAPECROSS. If portions of the identifier lists coincide, however, and it is
wished to correlate some or all of the common rows, the SELECT pseudo-
operation may be used. It must be followed by an identifier list in ASYMLOGIN
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format. The program will flag all row identifiers in NAMELl pot given in
the list supplied after the SELECT card, and all such flagged identifiers
will be ignored during computation of row correlations. Thus if the
unflagged porti.éna of the identifier lists of two matrices are the same,
they may be cross correlated, although the flagged portions of the
1dentifier lists are different.

BAGKSPACE T) u T u - Backspace taps. Tape Ty (either Por Q) i
-ovodback;ardan filu (mlogionlntrix or one set of row correlations
is one file), and tape T, is moved backwards n files. If either mor n

is blank, it is interpreted as 1. If T, is blank, only one tape is moved.

Ir Ty = T;, the second spscification overrides the first.

DATE i1111111i111111 -~ The fifteen characters following DATE are
copied onto the page heading.

END -~ Stops the run. This should be the last card of any deck of
instructions. If it is inadvertently omitted, the program will stop when
an end-of-file appears on the input tape.

As assembled, this program will run under the FORTRAN monitor
system on any 7090 with 32K storage and sufficient taps units (two channels,
five tapes on each). The program reads BCD unblocked records from A2 and
writes BOD unblocked records on A3 as output. The intermsdiate tapes used
are A5 (P) and BS (Q). Output is to be printed PC; nothing is printed past
position 72 on the page.
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In a standard FMS system, the following cards are needed:

(1) Jjob ID card for FAS sign-on record; check individual
system requirements;

(2) +#XEQ (#in column 1; X, E, Qin columns 7-9);

(3) binary program deck, in nommal relocatable column binary
format;

(k) #DATA (#in column 1; D, A, T, A in columns 7-10);
(5) 4instructions and other data, terminated by an END card.
‘Scratch tapes must be mounted on iﬁped' P and Q (45, BS).

(Note: To date it has never been necessary to use the pseudo-operations
TAPECROSS and SELECT. As a result, these two instructions cannot be

guaranteed to operate correctly.)

APPENDIX A

PROGRAM PARAMETERS

Some program parameters may be changed without excessifre difficulty.
Four particularly important cards in the FAP deck are (all near the beginning):
Cols. 1-6 Cols. 8-15 Cols. 16-72

LNADTB EQ 50
MAXST EW 29000
P : TAPENO ASB

Q TAPENO BSB
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LNADIB is twice the absolute maximum number of matrices that may
be kept in 7090 core; it is presently set for 25 matrices. MAXST is the
main storage area, and determines the size of the storage area for matrices
and other temporary storage (such as I-O buffers; none of these other
storage areas is likely to be large). At the moment, the distribution

of core storage is

Insceessible lower end upper core aresas: - 306 locations -
Main program, lower storage: 3,178 locations
Subroutine EXIT, lower atorage: 18 locations
Subroutine SQRT, lower storage: Ll locations
Address table (LNADIB), lower storage: 50 locations
Main storage area, upper storage: 29,000 1ocations‘
Unoccupied storage: 172 locations
Total 7090 core storage: 32,768

In changing the input and output tapes, it must be remembered that
tape readi:ng and writing is not done through (IOU) and reassembly will be
required if the system configuration is changed from the version in the
FORTRAN manusl.” The input tape is defined by a card R TAFENO A2; the
output tape is defined when FDPCUT is called to write a line of output
((STH) is not used). To change the cutput tape, use the symbolic reference
table in the assembly listing to find calls to OUT and OUTNC, and the
SHARE writeup of FD9OUT (with the comments in the listing) to determine

how to alter the calling sequence to change the output tape.
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APPENDIX B

SAMFLE PROGRAM

The sample program investigates the relation between citations and
content as outlined in ref. 1. It uses two citation correlation matrices,
CITNG and CNG2, and computes their cross correlations with the term

correlation matrix TDCMP. There are two input matrices, CITED and TTCMP.

CITED répmsént;; ; citation il:xdexr; if we call this matri'ix 5, theng_i - l

if document j cites document i. TTCMP represents a subject index; calling
TICMP B, B, =
from these matrices the needed matrices CITNG, CNG 2, and TDCMP. It then

1l if term i applies to document j. The program generates

computes the row correlations for CNG 2 and the cross correlations for
both CITNG and CNG 2 with TDCMP.
The progrem, complete with all descriptions of matrices, is given

in the attached listing; the instructions are reproduced here:

DATE OCT. 18, 1962 This instruction causes OCT. 18, 1962
to appear on the top of each page of output.

SYMLOGIN CITED Reads in CITED. The next six cards give
the identifier list; matrix specifi-
cations follow. Note that only one

identifier 1ist is given.

TRANSPOSE CITED CITNG CITNG, the matrix of citations produced
by transposing CITED, represents the actual
bibliographies of the documents; each row
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MULTX CITNG CITEDF CNG 2

ROWPRINT CNG 2

ASYMLOGIN TTCMP

TRANSPOSE TTCMPF TDCMP

wv-13

comsponda to the references pertaining

to one document.

This instruction produces CNG 2, the

second order citation matrix. In CNG 2,

A} = 1 1 there 15 a document k such that

J
i cites k and k cites j. By reference to

. the definition of MULIX, it will be seen

that CNG 2 is precisely the matrix produced.
CITED is no longer needed and is freed.

The row correlations of CNG 2 are computed
and written on the output tape. They are
not stored internally or on intermediate
tapes and will not be available for future

processing.

TICMP, the subject index, is read in from

the input tape. Note that two identifier

lists are given; there are fifty-six termms
~&nd sixty-two documents, each with a distinct

set of nn'ws .

TICMP is transposed to get a matrix with
the same row identifier list as CNG 2 and
CITNG. TDCMP, the transposed matrix,

etk add et bl PR KT e o
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LOGCROSS TDCMP CITNC

LOGCROSS CNG 2 TCMP

represents a set of descciptors; ~alling
1t A, 5; = 1 if term j applies to document
i. TTCMP is freed.

Cross correlations are produced for TDCMP
and CITNG, This is done by computing the

row correlations for each row of each matrix

“internally, and cross correlating the row

correlation vectors, row by row. A cross
correlation for each row and an over-all
cross correlation are produced. Row

correlations are not written on tape for

printing.

Cross correlations are computed for TDCMP

and CNG 2, as above.

Stops the run.

N

v'y
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DATE OCT, 18, 1962
SYMLOGIN CITED

BO319 80407
FO%06 FO060)
G149]1 GI49%95
JO413 J0607

‘MJ306 MJUILB

WAL10 WALL2
80319
80407
80408
CHS04
co2nd
C030%
c0317

.. LOAD2..

CO403
FO409
FOALS
FO496
FOS06
F060)3
fR20%
FR30?
FR304
FR309
FR&0Y
FRANOG
FR612
GB604
G6E302
61209
Gla9]
Gl495
G6R202
GR204
GR313
1§31)
18312
18411
J0201
J0O201
JO310
JO314
JO316
JO413
JO607
JO609
JO611
Ku60%
LE6NG
LYals
LY602
: MA301
MG4 04
MG493
MJ203
MJ306

80408
FR205
GR202
JO609
MJIL94

c0317
GB6OM
80407

80319
vs3os
FR&O®
JO609
1541}
15411
JO609
FO419
PL6O]
80319
€0317
€040
JO1310
C0403
C0403

co3?
80319
CH504
FO496
PL31S

€037
JO609
FR304
WA4Y2
80319
JO314
c0317
JO611
C0403
JO607

FO6013
F06013
JO314
Co4n3
FO496
JO413
co31?

CH504
FR30)
GR204
JO611)
MJS05

FO&4lb
KY6osH
PL6OIL
coNn?

FR61?

Lve02
wAS10

JO413
JO609

JO609

€0403
veang
FO409
JOal3

JO316
JO314
FOA96
JO201

FO409
JO316

80407
Jo3ls
FR309
MA301
15411

J0609
JOb609
SA40]
JO609
Gl495
JO609
C0403

€0208
FR304
GR3I13
xU605
OE492

18311
PLOOL

FO&lS

LESOSG
15311

FR304
vsing
vs308
PLIIS

vs3ioa
MA301
Gla95
10609

FR304
JO609
680408
JO&13
FR405

MG&40&
JO413

LyYsnz

€030%
FR309
15311
LEGOS
PL31S

PL3LY

FR20%

WAL12

15311

vS8308

5A40}
Jo201

15411

Co31?
Jo607
Gb604
5A401
JO6O7

€0317
FR4OS
18312
LY&la
PLEO]

v(3o?

JO609

Jo3l0

v§308
40609

wA410

€0403
Jo6l1
MA301

WA412

61209 JO609 MJ203

LY602

SH206

18311 JO6097 PLILY

0402
FR&06
15411
LY602
rRO207

LEGOS

JO607

MJ203

WAh12

FR20%
SA401
pLILS

C0403
FR612
JO20)
MA301
SA40)

SH206

$A40}

F0409
GB604
JO310
MG404
SH206

vs308

v$§308

FOAL1S FOA96
GE302 G1209
JO3}4 JO3LS
MG493 MJ203
v(307 V5308

FR309 GR202 GR204 JO310

v$308

MJ494 MJ50% SH206

AR, e TS dueils AN n T+ 11
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MJ318
MJI69¢4
MJ505
MJ508
0E492
PL31S
PL6O)
RO207
5A401
SH206
54206
v(3nT
vs3ong
WA&10
WA&412

JO609
JO609
€o208
vC3o?

C0403
FO603
Co30%

con?
PL31S
co3?
€030%
WA412
F0603

C0403 PLIYS
MJ50%
FO409 FR40OS
vs3os
FR309 FR40S
C0402 €O317

C0403 FR205
vC307 vsiong

FR3013

16411 J0611

. JTBANSPOSE CITED CIING.

ADJEC BIBLI
EDITG DICTE
INPPR JAPAN
RFVBS SERCH
TEXTS VIMNG
RO319 BO4O?Y
FO306 FO0603
G1491 Gl49s
JO413 J0607
MJ306 MJ318
WALLO wA&12
ADJEC
BIBLI
CIRCT
CoMPL
CMPOR
CMPOV
CONTX
CORUN
CRECT
EXTRC
LOKUP
0I1COR
EOITG
DICTE
FEEDB
FILOR
FREQU
GRAGR
GRCOD
GRCOD
GRCOD
HOMOG
HADIC
HADIC
INFLE
INFLR
INPEO
INPPR

CIRCT
FEEDB
MASMD
SEGMT
TRNSL
BO4%08
FR20%
GR202
JO60%
MJG94

FR405
C0402
CH504
Gl495%
OE492
CHY04
80319
G1491
co2ons
GE302
80407
Gl1491
JO609
80407
GB60H
G491
C030%
€037
BO407
JO310
PL3LS
€0208
0208
JO609
FO409
FOA9¢6
GR202
GR202

MULTX CITNG CITEDF CNG 2
ROWPRINT CNG 2
ASYMLOGIN TTCMP

COMPL CMPOR
FILOR FREQU
MUCOR NOUNS
SEMAN SEDIA
TRLIT UPDAT
CH304 C0208
FR303 FRI04
GR204 GR313
JO611 xU60%
MJ505 OE492

FR612
RO207

JO609 MJ494

0E492
C0317 FR3IOY
GR204 J0201
FO415 FR20%
18311
JO201 J0609
MJ494 MU505
Jos11

Gi209 JO3i4

FR20% FRIN3
FR405 FRAL2
C0208 CO403
JO413 Lyate
PL6OL SH206
C03L7 GEIO2
€0403 FOA1Y
LE6O6 MGH4O4
GR313 [sall
FO506 MGA9)

GR204

Gl209

JO310
FR303
FR303

CMPOV
GRAGR
NUML S
SELGT
VERBS
C030%
FR309
15311
LE6O6
PL3LS

FR40S
JO316
FR304

SA40]

MA30]
v§308

FO409
LY602
WALLO
SH206
FR20%
MJ4 96
WA4l0
MJS05

JO310

LY602
FR309

CONTX
GRCOD
POEDT
SORTG
WwoCL S
C031-
FR40S
is3l2
LYsls
PL6O]

JO3l4
JO411d
GR204

FO498
MGAO4
WAs12
vCio?
FRI04
MJ50%
WALl 2

J0609

V5308
GE302

CORUN
HOMOG
PRSAN
STOAC
WDSTM
C0402
FR406
15411
LY602
rQ207

MJ203
JO607
15312

FO%06
MI20%

61209
PLILS

LY&02

15411

CRECT
HADIC
PREPO
STRAN

(0803
FR612
JO201
MA30])
SA4LO)

vCior
vs3o08
JO3la

FR303
MJIN6

Gl491
v5308

MJ203

J0310

EXTRC
INFLE
PRODS
SUFAN

FO409
GBK04
JO310
MG&LD&
$H206

J0609

FR309
MJAIA

Gla9s

MG404

JO314

LOKUP
INFLR
PROER
SYNAR

FOa1S
GEYO2
JO314
MGA9Y
vCsor

LEGOS

GR31Y
MJa9e

18312

SH206

JO316

DICOR
INPEQ
PRONS
SYNAE

FO496
G209
JO31é
MJ203
vsios

V5308

15611
MJ%03

1se 1




O

V=17

JAPAN
MASHD
MUCOR
NOUNS
‘NUML S
POEDT
PRSAN
PREPO
PRODS
PRODS
PRODS
PROER
PRONS
RFvBS

Kué0%
SA401
JO611
co317
MG404
G1209
80407
MJ306
80319
FR304
JO413
J0310
MJ318
LY&hlé

FR40%

JO31l4
BOAOS

80407

GE302
Job07

LY602

FR612

MA30]
GB60A

80408
Gl 491
JO609

vC3oT?

C0208
Gl1495
LE6O6

"SERCH GT49Y1 DEA92

SEGMT
SEMAN
SEDIA
SELGT
SORTG
STOAC
STRAN
SUFAN
SYNAR
SYNAR
SYNAE
TEXTS
TIMNG
TRNSL
TRLIT
UPDAT
VERBS
woCLS
woCL S
wWOSTM

KU605
LYsls
PLOOL
co30%
FR20%
OE492
FO603
CH504
BO319
PL60]
80407
C0402
GR204
F0603
CH304
co208
FR406
FO&09
MJ306
FR309

5A401

Gl491

PL6O]
Gl491
FO409

80408
RO207

GB604
GR202
FO4l5
FR612
FR303
MJ318
GE302

TRANSPOSE TTCMPF TOCMP
LOGCROSS CITNG TDCMP
LOGCROSS CNG 2 TDCMP

END

18311

GR313
FO603

Gl 209
kU605
Gl 495

FR309
MJ4 94
MJ203

15411

JO316
FR20%

JO3 14
18312

FR405
SH206

WAG10

o317
15311
SA401

v$308

KU605
FR304

KU605
JO609

FR406
vCio?

FO409 FO&415 FO496 FO506 FR20S
15312 1S411 JO201 JO310 JO31&
$H206 VS308 WA4L2

LYale MJ203 SH206
FR406 FR612.15411 JO310 LY4L4

LY602
LE6O6 PL31S
FR612 GRI13 KU60S MGA93 MJ20)
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V. A COMPARISON OF CITATION DATA FOR OPEN AND CLOSED
DOCUMENT COLLECTIONS

Michael lesk

In a study by Salton of the relation between bibliographiec
citations and document con‘l:ent'.,:l the set of citing documents was assumed
to be identical with the set of cited documents; that is, citations to
and from documents outside the given document collection were disregarded.
It was suggested, however, that the same methods might be used with open
collections in which all citations would be allowed.2 This section de-
scribes an experiment in which the same computations performed previously
were repeated with an extended citation network including all citations to
and from the collection, regardless of mource. The code names previously
used for matrices, index tems, and documents have been retained unchanged
in the present description.

Three of the matrices were processed on the IBM 7090 computer in
both the open and closed forms. These are the matrices CITED, CITNG, and
CNG 2. In each case the larger number of documents leads to lower-row
correlations in the open collection, but the relationship to content is
not seriously impaired.

The change from CITED closed to CITED open resulted in a relatively
mmall change, because a comparatively small amount of additional data was
introduced. Although the number of citations rose from 165 to 295, only
21 new documents were introduced in the open collection. Furthermore, '
most of the new citations were from fiwe works, which had long, exhaustive
bibliographies. |

L™
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The over-all cross correlation between CITED and TDCMP dropped : ?
from ,405S in the closed collection to .389 in the open collection. Of the . -
five documents with the highest cross correlations, three were common to
both collections, as shown in the following table:
CITED Closed CITED Open
Document Cross Document Cross
Correlation Correlation
MA30L .753 A MJ505 689 o et
MJ505 .735 SH206 682
MJ306 651 MJ203 680
€0208 633 MLk .6L45
SH206 612 MJ306 610

The row correlation data are similar in both collections, but the
coefficients are somewhat smaller in the open collection. This is, of
course, not true for the documents in report NSF-6, the most recent report
in the collection, where the closed collection row correlations are en-
tirely zero because of the total lack of citation data. The open col-
lection does not remedy this defect entirely, however; newer documents
astill have fewer than the average mumber of citations, and some articles
(such as the sole article on analysis of Japanese) have no citations at all.
Only one document in report NSF-6 has a cross correlation with TDCMP which
is as large as the over-all cross correlation. The lack of data for the
last report can be attributed to the limited circulation of the reports,
preventing most non-Harvard writers from citing them, and to the existence !
of only one additional report in the NSF series, whose authors do have

access to the documents in the collection. Document collections tzsken from

¥
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more accessible publications and printed earlier than the collection
studied would probably not show a lack of data for the more recent docu-
ments.

The extent of the similarity between the open and closed col-
Jections in the CITED matrix may be demonstrated by considering the de-
tailed row correlations of a typical document, C0208. The row corre-

lation vectors for document CO208 are shown in Table 1. The cross

" éorrelation Tor this document in ths closed collection was .633; in the

open collection, .527. Almost all the row correlations are lower in the
open collection, although the arithmetic difference between the corre-
lations in the open and closed collections varies from document to
document. Several articles, in fact, do not follow the normal trend,
having higher row correlations with document C0208 in the open collection
than in the closed collection. These are documents CHSOL, GI209, GIL91,
J0201, J0310, MJLSL, SH206, and GIL95, which are indicated in Table 1 by
an asterisk. CHS0L, whose row correlation rose from .0000 (closed col-
lection) to .3333 (open collection), is unimportant; the rise is due to
a single cit.ation that appeared in the open collection. The content of
9@1_‘_1:5 completely unlike that of any other article, and presumably a
sophisticated program evaluating citation data would recognize that the
high-row correlation was caused by only one citation, and would ignore
CH50L in studying the content of C0208.

The other articles that exhibited larger row correlations in the
open collection were furnished with a substantial number of citations.
It may therefore be of interest to study the relation of their contentl
to that of C0208., (0208 deals with dictionary correction and updating;
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Document Closed Open

B0319 .3162 .2961
CHS0L .0000 .3333%
€0305 .3536 .3333
calo3 .2500 1667
_Folas 4082 3849
Fak96 .3536 2722
F0506 5082 o82
FR205 .2500 .2222
FR303 11082 .3333
FR30L 2041 1667
FR309 .1768 L1667
GE302 4082 3849
GILSL 443 .18)5%
GI495 2041 .2357#
GR313 13 L1179
Is311 .3536 .3333
Is312 .20 1667
J0201 .3430 3727
J0310 k3 L1491
LYl 2041 1925
LY602 2500 +2357
Malioh 2500 1361
MoL93 .2500 1721
MJ203 .3536 .2520
MJ306 .3162 2222
MJ318 201 .1361
MLk .2500 .2520%
MJ505 .3062 .2910
RO207 .2887 491
SH206 .2942 «3234n
vC307 3536 .3333

Row Correlations of 0208
(A1l row correlations not listed are .0000)

TABIE 1

thus, GI209 (postediting, translation algorithms), J0310 (recognition of
phrases within sentences), and SH206 (word-by-word syntactic analysis)
are articles that we should expect to have low-row correlations. J0201

(contimous dictionary run) should also exhibit a low-row correlation,
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while OIL91, GIL9S, and MJL9L (dictionary compilation) might be considere
partial successes for the open collection, since they exhibited larger
row correlations in that collection. Unfortunately, such directly releva
articles as FOL15 had lower row correlations in the open collection than
in the closed collection. Thus, as far as C0208 is concermed, the closed
citation data give slightly better results, as indicated by the respectiv
cross correlations.

Greater differences between opeh and closed collection data are
shown by matrix CITNG. Here the total number of citations more than
doubled (from 165 to 393) and the number of documents went up corre-
spondingly (from 62 to 175) in going from the closed collection to the
open collection. The over-all cross correlation fell from .366 (closed
collection) to .239 (open collection). There is no regular decrease in
either the row or cross correlations, which increase in the open col-
lection for some documents and decrease for others. The five highest

cross correlations are as follows:

CITNG Closed CITNG Open
Cross Cross
Document . . elation Document 1, velation

C0317 629 B0O319 61l
Joh13 .629 ISh11 601
vS308 .623 JO609 .526
J0609 .620 JO31k 111
ISh11 .606 F0603 108

Only two documents are common to both lists, and the cross corre-
lations of the open collection are distinctly lower. The row correlation
also change more than in CITED. BOLO8 has a .0B0 drop in cross corre-

lations from the closed to open collections (.LLl to .364). Its row
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correlation vectors are reproduced in Table 2. No uniform pattern can be
found. The open collection does not give the impression, as it did for
CITED, of being a scaled-down version of the closed collection. 1In the
values of its coefficients, the open collection has a definite advantage
in the low-row correlationsof GR202 and GR20L (.2887 open, 1.0000 closed),

Document Closed Open
B0319 .5000 .2041
BOLO? .7071 .5000
€0317 .3015 491
coLo3 ' .0000 .2801
F0603 .0000 .1925
FR205 yan 1925
FR309 5000 .1925
GBSOL .0000 L36h
GR202 1.0000 .2887
GR20L 1.0000 .2887
Ish411 .0000 1925
Jo310 4082 .1925
Jo3ly .5000 .2582
Jo318 .5000 .2887
Jo13 Lh72 136k
J0507 .5000 L7
JO509 .0000 J179
Jo611 S577h .2582
Ku605 .0000 3482
PL601 .0000 L2041
salol Ll72 .1925
LY602 .0000 1667
V8308 .2887 .1325
WAL22 .0000 .2357

Row Correlations for BOLO8 CITNG
(A1l correlations not listed are .0000)

TABLE 2

which are totally unrelated in content to BO4O8. The higher-row correla-
tion of GBSOL in the open collection is also desirable, as both GB60OL and

BOLO8 deal with the same topic (predictive syntactic analysis). A distinct

ey
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disadvantage of the data from the open collection is the introduction of
many small row correlations with BOLOS for documents which previously had
a gero correlation, and are not closely related to BOLOS (e.g., LY602,
C0403). Such correlations lower the cross correlation because they do nét
correspond to high-row correlations in TDCMP, and also interfere with
attempts to derive index terms because of their lack of relation to the
content of the articles.

The open'CITNG matrix was also used for atteinpts to assign index
terms to documents from the citation data. The results were not, unfor-
tunately, better than those provided by the closed matrix. The introduce
tion of a more sophisticated index term assigning procedure also failed
to raise accuracy above fifty percent. It should be noted, however, that
the cross correlations are lower in the open collection than in the closed
collection. Results of the attempt to assign index terms are shown in
Table 3. The new method for deriving index terms is:

(1) Select the five highest row correlations for any given

document. To each of the related documents producing

these high row correlations, assign a weight equal to

the row correlation with the given document divided by
the number of index terms associated with the related

document. For example, a document with a row correla-
tion of .7071 and with five assigned index terms would
be weighted .1Lll = .7071/5.

(2) For each index term, compute the sum of the weights of
each document of the above five that it is associated
with in TDCMP, and associate this weight with the term.



(1) (2) (3) (4) (5)
Index Terms omzxs Total Number .
Document Au::;::%ﬁ:lly j('zlgi) acoxi‘;enzg Xﬁsgggs COrSﬁ::ion
from CITNG narmally) Manually
FR304 5 1 4 3426
ne : . =
.3
0208 6 3 6 -3711
Joy13 3 3 3 2777
TOML 2 - - n - 22 |

Index Terms from CITNG Open
TABIE 3

(3) Select those index terms which have a weight greater
than the weight of any single document. For example,
suppose documents A, B, C, D, and E had weights
(respectively) of .1, .15, .15, .08, and .2. A term
assigned to documents A and D would not be selected
(1 + .08 = .18 is less than .2), while a term assigned
to documents A and C would be selected (.15 + .1 = .25
is greater than .2).

The matrix CNG 2 has far more citations and far more documents than
either CITNG or CITED. Cross correlations are much lower in the open col-
lection than in the closed collection; the second highegp_croé% correlation
is only .201 in the open collection as opposed to .747 in the closed
collection. The over-all cross correlation drops from .482 to .116. The
changes in the row correlation vectors are not conslstent with respect to
content, but many new low-row correlations are introduced, making the
study of the correlationsmare difficult and adversely affecting the
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detem:l.mtion of index terms. Irrelevancies may be introduced; the open
CNG 2 collection contains citations to Mark Twain's "The Jumping Frog of
Calveras County" and Lewis Carroll's essay on assigning prizes in tennis
tournaments.

In sumary, then, the open collection of documents is inferior to
the closed collection in terms of content-citation relationships. This
is probably due to the greater number of extraneous citations which

obscure the relevant-deta. This effect- is strongly evident in CNG 2.
In other matrices, the inferiority of the open collection is not as
strongly marked, and it is possible that it might be of more use in
analyzing citation data. As was pointed out under CITNG, there is some
improvement in the relation of the high row correlations to content,
while the small row correlations are less indicative of content than they
were in the closed collection. Thus a scheme of analysis concentrating
on the large correlatlions might give better results using the open
collection, but this seems unlikely. Work done to date confirms the
impression of the cross correlations, that is, the superiority of the
closed collection. A conclusion as to the relative merits of CITED

and CITNG cannot be drawn from these data, because the small circulation
of the document collection has prevented adequate citation of its
members. The lack of data for the more recent documents in the matrix
CITED prevents general comparisons with matrix CITNG, which has no

corresponding restriction.

PN
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VI. ATTEMPTS TO CLUSTER DOCUMENTS WITH CITATION DATA

Michael Lesk

Since citation data alone are probsbly not capable of producing
detailed, accurate, and reliable index terms for documents, an attempt
was made to determine whether citation data conld be used for placing
documents within general groupings, sach group containing documents of
similar content. The need to place individual documents into subgroups

of 2 large collection may arise in two distinet situations:

(1) An already subdivided collection exists, and it
is desired to place newly acquired documents into
their proper groups;
(2) Oroupings are to be produced from a collection
which has not been previously divided.
Problem (1) will be considered first. Here we may assume, for
any given document, that the groupings for all other documents are known.
The citation data used to study this firsi problem consisted of the row

correlation matrix CTPED.1’2

A manual division of the collection into
nine groups, of three to nine documents each, was made. These groupings
were made solely on the basis of content. Seventeen documents which did
not fit into groups were omitted. The grouvping is given in Appendix A,
An attempt was then made to plage each document into its correct
group, using the citation data for that document and the knowvm grouping
of all other documents. This was done by considering the three highest

row correlations of the given document in CITED, and the related documents
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associated with these numbers, If two of these related documents belonged
to the same group, the given document was assigned to that group. If the
three related documents belonged to three different groups, the group
containing the document with the highest row correlation was chosen as the
cluster to which the given document was to be assigned., This procedure
was applied to the forty-one documents which were previously grouped by
hand and which had citations in CITED (open). Of these, the correct group
was selectcd in all but eight cases. Two of these eight ceses involved
articles in Report NSF-§, for which CITED does not =ive sufficient data.
Two more errors involved a single article which was cited more than any
other article and may have suffered from irrelevant citations. The
elimination of these three articles with either too few or too many
citations leaves four errors in thirty-seven documents, or a success rate
of 89.2%.

A direct division of the collection into groups was also studied,
where only citation data were used to derive the clustering. The method
empldyed was suggested by Mr. Edward Sussenguth. We may consider any two
documents as linked by a strength proportional to the size of the row
correlation between the two documents in a citation matrix, Let us define
as major links those with row correlations exceeding 0.7. If a document
has at least one citation link with a coefficient exceeding 0.7, we may
define a group containing it as the set of all documents joined to the givpn
document through a chain of links all greater than 0.7 in strength, This
produces several clusters in a typical citation matrix, but leaves documents
without links of 0.7 or greater ungrouped. These documents may be grouped
by assigning them to that cluster which contains a document that is linked
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to the given document by a strength of 0,8 § or greater, if any such
cluster exists. If the given document W: s no links of that strength
{including all row correlations more thn . 0.6), it may be viewed as an
extraneous document, or links of strength : 0.5 can be studied. Clearly,
the constants 0,6 and 0.7 in this methol mare arbitrary and can be
raised or lowered as demanded by the inli~ vidual data.

The citation matrices CITED (opm_.) and ONG 2 (closed) were

-¢lustered by this procednre. TICTP wasaZlso clustered in the same way

to compare it with the hand division made earlier., The rough results
are shown in Avpendices B, C, and D. Gneerally, the groupings do nof
accurately reproduce the hand division., THNXMP comes closest, as would
be exptected. CNG 2 1s the worst, Aespitoe the fact that the cross
correlation of CNG 2 with TDCMP is highe than that of CITED with TDCMP.
Roughly, of the nine groups in the handdf#ivision, six are retained more
or less intact in the TDCMP clustering, bt three in CITED, and one
in CNG 2. For example, the group of domwrrments on postediting and the
"trial trenslator," which consists of ORCD9, MA30l, and JO3Lk, is
retained in the TDCMP clustering (with the=s addition of GB60), which does
not belong in this group), is still retsinrmed in the CITED clustering,
but is split over three groups in the Cit 2 clustering. The continuous
dictionary run articles, J0201, JO316, (14l3, and JO607, are still
clustered in the TDCMP grouping, but arsss=plit up in the CITED and

ONG 2 groupings. Other rearrangements wee also apparent from the
eclusterings given in the Appendices.
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More sophisticated methods of clustering the collection from the
citation data have been proposed, but it is doubtful that really substantial
improvement is to be expected. For example, the links between BOLOS, GR202,
and GR20L in CNG 2 are all of maximum strength (all row correlations 1.0000),
and yet the documents should not be in the same group. It would seem that

some form of additional information will be needed to succeed.

APPENDIX A

MANUAL CLUSTERING

(1) GI209 - MA301 - JO31s (postediting)

(2) J0201 - JO316 -~ JOL13 - JO607 (continuous dictionary run)

(3) BOLO7 - BOLOB - GBSOL (predictive syntactic analysis)

(4) FO603 - WALLO - WAL12 - FOLO9 - GR313 - ISL1l (English inflection)
(5) PR30k - FR20S - V8308 (editing programs for syntactic study)

(6) o149 - 6IL9S - MJIS05 - COLO3 - MJ306 - MJ318 - PL315 - MGLOL - MJ203
(dictionary compilation)

(7) €0208 - FOL15 - IS312 - JO609 - LBSO6 (dictionary correction)

(8) SH206 - FR309 - GE302 - FRLOS - FR612 - FRLOS - CO317 - FR303
(Russian syntactic analysis)

(9) MGL93 - FO496 - FO506 - MJILSL (Russian inflection)
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APPENDIX B

TDCMP CLUSTERING

GI209 - MA301l - JO31, - GBGOL

J0201 - JO316 - Jok13 - JO607

B0LO7 - BOLOS

WAL12 - WAL1O - FOLO9 - ISL11 - GR313 - FOLY6 - FOS06 - SH206 - JO310
C0208 - FOL15 - IS312 - FR30L - FR20S - VS308 - LESOS - JOG09 - GIL95
MOl - COLO3 - PL315 - MJSO5 - MJLSL

MJ203 - MJ318 - MJ306 - FR303

€0317 - FRLOS - FRS12 - PRLOS - VG307
R0O207 - c0LO2
APPENDIX C
CITED CLUSTERING
GI209 - MA301 - JO31L

B0OLO7 - BOLOB - JO607

WAL1O - ISL11 - FOLO9 - JO316 - JO413 - FRE12 - JOS11 - FRLOS - FRLOG
coLO3 - MJ203 - MJ318 - MGLOL - MJ306 - VS308 - IS312 - FR3OL - FR20S
FOL96 - FO506 - MJL9L - MGLY3 - GIL91 - GILYS

IY602 - LYhl, - 18311
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(1)
(2)
(3)

(D

(5)
(6)

n

1.

2.

APPENDIX D

CNG 2 CLUSTERING

MA301 - GBSOL

Jo31l, - JO316 - BO319 - QE302 - FR205 - SALO1

GI209 - C0208 - SH206 - JO201 - FOL96 - MJI505 - MJ203
BOLO7 - BOLOS - GR202 - GR20L

FR30L - IS311 - Fol15

FRLOS - FR309 - FR612 - CO317 - FR303 - PL315 - cOLO3 - VC307 -
V8308 - JoLl13 - €0305 - JO310

LY602 - JO509

REFERENCES

Salton, G., "The Use of Citations as an Aid to Automatic Content
Analysis," Information Storage and Retrieval, Report ISR-2,
Section III, The Computation Laboratory of Harvard University
(September 1962).

Lesk, M. E., "Comparison of Citation Data for Open and Closed

Document Collections, Information Storage and Retrieval,
Report ISR-3, Section IV, The Computation laboratory of Harvard

University (January 1963).




_ =

-1ap,-sone-storege-
are examined which are useful in the

The Computation Laboratory of Harvard
University, Cambridge, Massachusetts,
INPORMATION STORAGE AND RETRIEVAL,
SCIENTIFIC REPORT ISR-3, Gerard Salton,
Project Director, April 1963, 1LL pp.
AFPCRL-63-134 Unclassified report.

This report contains a record of the
continmiing investigation of various
techniques for automatic content
analysis, and for the storage and search
of structured information. In particu-

manipulation of natural language dataj a
variety of machine programs and experi-
ments are then described for the pro-
cessing of bibliographic citations; and
two models for a completely automatic
document retrieval system are outlined.

1.

1.

UNCLASSIFIRD
Information Retrieval

Salton, G.

s+

UNCLASSIFIRD

Defense Documentation Center Catalog Card




L

| lar, some storsge

The Computation Laboratory of Harvard
‘University, Cambridge, Massachusetts,
INFORMATION STORAGE AND RETRIEVAL,
SCINTIFIC REPORT ISR-3, Gerard Saltom,
Project Director, April 1963, 1Lk pp.
APORL-63-13k Unclassified report.

This report contains a record of the
continuing investigation of various
techniques for automatic content
analysis, and for the storage and search
of structured information. In particu-

are examined which are useful in the
manipulation of natursl language data;} a
variety of machine programs and experi-
ments are then described for the pro-
cessing of bibliographic citations; and
two models for a campletely automatic
document retrieval system are ocutlined.

allocation techniques

1.

I.

UNCLASSIFIRD
Information Retrieval

Saltom, G.

UNCLASSIFIED

Defense Documentation Center Catalog Card




L)
. i

Y
¥

3

The Computation Laboratory of Harvard
University, Cambridge, Massachusetts,
INPORMATION STORAGE AND RETRIRVAL,
SOTENTIFIC REPORT ISR-3, Oerard Salton,
Project Director, April 1963, ik pp.
AFCRL-63-134 Unclasaified report.

This report contains a record of the
ocontinuing investigation of wvarious
techniques for automatic content
analysis, and for the storage and search
of structured information. In particu-

manipulation of natural language data; a
variety of machine programs and experi-
ments are then described for the pro-
cessing of bibliographic citations; and
two models for a campletely autamatic
document retrieval system are outlined.

1,

I.

ler, some storage allocation techniques

UNCLASSIFIRD
Information Retrieval

Salton, O.

Defense Documentation Center Catalog Card




4

o4

The Computstion Laboratory of Harvard
University, Cambridge, Mansachusetts,
INFORMATION STORAGE AND RETRIBVAL,
SCIENTIFIC REPORT ISR-3, Cerard Saltom,
Project Director, April 1963, 1Lk pp.
APORL-63-13k Unclassified report.

This report contains a record of the
continuing investigation of various
techniques for automatic content
analysis, and for the storage and search
of structured information. In particu-

manipulation of naturel language data; a
variety of machine programs and experi-
nents are then described for the pro-
cessing of bibliographic citations; and
two models for a completely automatic
document retrieval system are outlined.

1.

b

lar, some storage allocation techniques |

UNCLASSIFIRD
Information Retrieval

8altom, G.

Defense Documentation Center Catalog Card




